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ABSTRACT
Three experiments were conducted to evaluate the 
response of freshwater-oligoh&line marsh macrophytes to 
increased water depth and salinity. In the first 
experiment, marsh sods containing Sagittaria lancifolia 
were manipulated in the field to decrease elevation (i.e., 
increase water depth) by 7.5 and 15 cm. Harsh sods at 15 
cm below the marsh surface had the lowest redox potential 
and highest interstitial water sulfide concentration.
Plants in the 15-cm water depth treatment had higher mean 
and maximum leaf heights than disturbed control plants, but 
aboveground biomass was not affected.
In the second study, the effects of salinity pulses on 
plant growth and ability to recover following stress 
alleviation were examined in a greenhouse experiment that 
included monocultures of four species: Eloocharia 
palustris, Panicum hemitomon, Sagittaria lancifolia, and 
Scirpus americanus. Effects of final salinity reached, 
salinity influx rate, and duration of exposure were 
investigated. All species responded to final salinity 
level to a greater degree than salinity influx rate. The 
magnitude of growth suppression increased for all species 
with exposure duration. The species were ranked as follows 
in order from least to most salt tolerant: Panicum 
hemitomon < Sagittaria lancifolia < Eleocharis palustris <
xi
Scirpus americanus. Within a species, ability to recover 
under freshwater conditions varied with final salinity 
level and duration of exposure, and to a lesser extent with 
salinity influx rate. Scirpus americanus was the only 
species able to recover under all experimental conditions.
In the final greenhouse experiment, two common 
oligohaline marsh communities were subjected to salinity 
pulses; influx rate, duration of exposure, and water depth 
were manipulated. The two communities included one species 
in common, Sagittaria lancifolia; the sub-dominants were 
Eleocharis palustris and Scirpus americanus in community 1 
and community 2, respectively. Species richness in both 
communities was reduced in the most extreme treatment. 
Community 1 total biomass and stem density were reduced, as 
were biomass and stem density for both dominant species. 
Community 2 had reduced biomass and stem density overall 
and for Sagittaria lancifolia; Scirpus americanus was not 
affected.
Considered together, the three experiments indicate 
that different responses of existing plant species to 
environmental stressors can ultimately influence community 
structure and composition.
xii
CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
BACKGROUND INFORMATION
Research Rationale
Spatial variation in plant community composition and 
species abundance along environmental gradients is a common 
pattern in nature. Louda (1989) listed four hypotheses to 
describe processes that could lead to this variation: 
physiological specialization to different environmental 
conditions along the gradient, differential dispersal, 
variation in interspecific competitive ability, and changes 
in predation pressure along the gradient. The focus of the 
research described herein is on ascertaining the importance 
of the first of these proposed processes, that of 
specialization to various environmental conditions, as an 
influence on plant distribution in freshwater marshes of 
coastal Louisiana. In coastal marsh habitats, water depth 
and salinity are physical/chemical factors that often vary, 
forming environmental gradients and constraining plant 
growth. Differences in plant response to these two factors 
may be major determinants of community composition and 
species abundance in these habitats (Wainwright 1984,
Kitsch and Gosselink 1986).
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Plant Response to Flooding and Salinity Stress
Increased water depth and soil water salinity can 
cause direct stress to wetland plants. Increased water 
depth leads to a rapid depletion of soil oxygen 
concentration, which in turn affects plant growth by 
altering nutrient uptake and carbohydrate metabolism 
(Koslowski 1984). Increasing salinity can affect plant 
growth in several ways: 1) by imposing water stress through 
increased osmotic potential of the rooting medium (Levitt 
1972, Yeo 1983, Wainwright 1984, Hale and Orcutt 1987), 2) 
accumulation of ions or other possible plant toxins in the 
soil (Wainwright 1984, Hale and Orcutt 1987), and 3) 
accumulation of ions in plant tissue (Yeo 1983, Flowers 
1985, Munns 1993). The impacts of flooding and/or salinity 
stress can be lethal to some species. Other species may be 
able to adapt to and survive the stress; these plants, 
however, may have reduced vigor and, consequently, lowered 
growth and productivity.
Kozlowski (1984) summarized the various morphological 
and physiological adaptations to anaerobiosis and salinity 
stress in halophytes, the plants that thrive in brackish or 
saline conditions. He noted that the type of adaptation is 
sometimes difficult to distinguish since morphological 
changes often allow a plant to carry out normal 
physiological processes. Morphological adaptations include 
modification of roots for oxygen uptake, development of
aerenchyma (large Intracellular spaces in tissues), 
hypertrophy of lenticels, production of glands that secrete 
salt, and dilution of salt in structures such as succulent 
leaves (Kozlowski 1984).
Adaptations to increased flooding depth that have been 
noted in specific wetland macrophytes include inhibition of 
new root growth and an increase in root aerenchyma with 
flooding (Burdick 1989), increased allocation to leaves and 
greater leaf height with increased water depth (Grace and 
Wetzel 1982), and a decrease in stem number and increase in 
stem height with incresed flooding (Lieffers and Shay 
1981). Seliskar (1988), however, found an inhibition of 
stem extension and decreased plant height with incresed 
water depth in Scirpus americanus Pers.; this inhibition 
was attributed to increased stem ethylene concentrations 
and increased aerenchyma tissue.
Wainwright (1984) noted that salt tolerance in plants 
represents a continuum of response with true halophytes at 
one extreme and very salt-susceptible glycophytes at the 
other. The mechanisms associated with salt tolerance in 
plants are varied. Some glycophytes achieve a degree of 
salt tolerance by salt exclusion rather than by the uptake 
and subsequent excretion that is characteristic of many 
halophytes (Wainwright 1984). Greenway and Munns (1980) 
suggested that salt sensitivity (i.e., poor growth) of some 
non-halophytes may be caused by an inability to maintain
turgor pressure or volume in expanding tissues because of 
insufficient electrolyte uptake. There is also evidence, 
however, that poor growth of some plant species at high 
salinities is caused by high ion concentration in expanded 
leaves (Greenway and Nunns 1980). Greenway and Hunns 
(1980:183) believed the key to salt tolerance is a 
"synchronization of ion compartmentation (accumulation in 
the vacuole) by the leaf cells with a high rate of ion 
transport to the shoot." Wainwright (1984) noted enhanced 
capacity to accumulate compatible organic solutes in some 
salt-tolerant glycophytes.
Hunns and Termaat (1986) suggested that the process 
limiting leaf growth in nonhalophytes in saline soils 
varies with length of exposure to the stressor. They 
described a biphasic framework for growth responses whereby 
leaf expansion over the short term (days) was regulated by 
hormones or growth regulators produced in roots and 
translocated to shoots. In the second phase, leaf 
expansion over the long term (weeks to months) was related 
to the plant's ability to tolerate high salt concentrations 
in mature leaves and the rate new leaves are produced; as 
older leaves start to die, the photosynthetic area of the 
plant will eventually decline to a low level where 
carbohydrate production cannot support continued growth 
(Hunns and Termaat 1986). Other studies have related 
growth limitation and mortality in wetland plants exposed
5to increased salinity to a decrease in the rate of 
photosynthesis (Haller et al. 1974, Yeo 1983, Longstreth et 
al. 1984, Pearcy and Ustin 1984, Pezeshki et al. 1987a, 
1987b). The adverse effects of increased salinity can be 
compounded when accompanied by flooding and intensified 
anaerobic soil conditions.
Whole-plant response to increased salinity and water 
depth may involve changes in leaf tissue nutrient 
concentration. Soil submergence may affect the 
availability of plant nutrients in several ways, such as 
increasing the solubility of relatively insoluble 
compounds, causing greater mobility of nutrients, changing 
the pH and oxidation-reduction potential of the soil, and 
by precipitating some nutrients as insoluble compounds 
(Patrick et al. 1985). Some substances may concentrate in 
flooded soils to the level where they become toxic to plant 
tissue; important toxins that may accumulate are hydrogen 
sulfide, reduced iron, and organic acids (Patrick et al. 
1985). Sulfide accumulation appeared to be a major factor 
leading to reduced growth in Spartina alternlflora Loisel. 
marshes after extended periods of anaerobic metabolism 
(Mendelssohn and McKee 1988a). Koch and Mendelssohn (1989) 
found that the addition of 1.0 mM sulfide significantly 
reduced total biomass of a freshwater marsh species and 
root biomass in a salt marsh species. The authors 
suggested that several factors associated with increased
6sulfide concentration contributed to the reduction in plant 
biomass, such as decreased enzyme activity, reduction in 
ATP generation, and inhibition of nutrient uptake.
Variation in Flooding and Salinity Regimes
In coastal habitats, water depth and salinity can vary 
both temporally and spatially. Spatial variation is 
related to elevation and distance from a salt water source. 
Temporal changes can result from human activities that 
alter water movement, such as canal and levee construction, 
and natural phenomena such as tides and weather effects. 
Severe storm frontal passages and hurricanes are examples 
of natural phenomena that can lead to temporary alteration 
of water depth and salinity increases followed by 
freshwater flushing. Several authors have described 
hurricane effects on wetland vegetation and water chemistry 
(Meeder 1987, Roman et al. 1994, Jackson et al. 1995).
Some authors have concluded that hurricanes had little 
effect on vegetation (e.g., chabreck and Palmisano 1973) 
while others have attributed plant death and shifts in 
species composition to these storms (Alexander 1967, 
Valentine 1977). It is likely that effects on vegetation 
resulting from natural phenomena will be intensified in 
areas when human activities have altered salinity and 
flooding regimes.
Although increased salinity can adversely affect the 
growth of freshwater marsh macrophytes, many plants exhibit
some ability to recover following transient increases in 
salinity (Llewellyn and Shaffer 1993, Grace and Ford 1995, 
Flynn et al. 1995). Temporary salinity changes may also 
influence plant zonation in coastal areas. Brewer and 
Grace (1990) studied community types in an oligohaline 
tidal marsh and hypothesized that occasional storm­
generated pulses of salt water moving into the marsh 
generated short-lived salinity gradients that, along with 
biotic interactions, regulated species distribution.
McKee and Mendelssohn (1989) noted that response of a 
freshwater marsh to increased salinity may depend on 
several factors, such as plant species composition, rate 
and duration of the salinity increase, flooding depth, and 
a source of propagules of tolerant species. They suggested 
that the fate of a site stressed by elevated salinity and 
flooding may be determined by the tolerances of the 
existing dominant species. If these species can persist at 
a level sufficient to maintain the integrity of the marsh 
substrate, they should re-establish productive populations 
when initial conditions are restored. If the salinity and 
water regime are permanently altered and vegetation is 
destroyed, factors such as the degree of substrate 
subsidence and water depth become important in determining 
whether more tolerant species have an opportunity to 
establish on the site, or whether colonization is inhibited
8and the site degrades to open water (McKee and Mendelssohn 
1989).
DISSERTATION OBJECTIVES 
Although several studies have demonstrated the adverse 
effects of increased salinity and water depth on many 
wetland plant species, little quantitative information 
exists that can be used to predict the fate of a community 
of oligohaline marsh plants when exposed to various 
salinity and flooding regimes. The overall objective of 
this research effort is to quantify the impact of increased 
salinity and water depth on plant growth, survival, and 
community structure and species composition in coastal 
Louisiana freshwater-oligohaline marsh communities; the 
ultimate goal is facilitating prediction of plant community 
changes that will result from alterations of salinity and 
water regimes. Specific objectives are to:
1) . Describe the response of a common perennial marsh
macrophyte to field manipulation of water depth.
2). Determine the effect of salinity pulses (using 
manipulation of final salinity level reached, rate of 
salinity increase, and duration of exposure) on 
survival, growth and recovery of common oligohaline 
marsh macrophytes planted in monocultures.
3) Evaluate the effect of salinity pulses (using 
manipulation of rate of salinity increase, duration of
9exposure, and water depth) on oligohaline plant 
community structure and composition.
DISSERTATION OVERVIEW 
The results of three separate experiments are 
reported. Chapter 2 describes a field study that was 
designed to quantify the impact of increased water depth on 
the growth of a common freshwater-intermediate marsh 
macrophyte, Sagittaria lancifolia. Harsh sods containing 
the species of interest were manipulated to reduce 
elevation, and soil water chemical characteristics and 
plant performance were evaluated.
Chapters 3 and 4 report the results of a greenhouse 
experiment that examined the response of four common 
oligohaline marsh macrophytes to salinity pulses when 
planted in monoculture. The components of salinity pulses 
manipulated were final salinity level, salinity influx rate 
(i.e., time required to reach final salinity), and duration 
of exposure to the salinity stress. Changes in plant 
response over time are described. Chapter 3 describes the 
immediate response of the plant species to various 
components of the salinity pulse and evaluates their 
relative stress tolerance, while Chapter 4 describes the 
ability of these four species to recover when the stress is 
removed.
Hesocosms containing intact plant communities and 
natural marsh substrate were experimental units for the
10
greenhouse experiment described in Chapter 5. The 
mesocosms were exposed to various salinity pulses; salinity 
influx rate, exposure duration, and water depth were 
manipulated. The plant communities were allowed a recovery 
period in freshwater conditions. The response of the two 
communities are described in terms of mesocosm soil 
chemical changes and plant response/survival.
In the final chapter, research highlights are 
discussed and overall conclusions are drawn. Chapters 2-5 
were written to stand alone and are intended for submission 
to appropriate journals. Although they have been 
reformatted to meet dissertation preparation guidelines, 
they have not been otherwise altered. Consequently, some 
duplication exists in the introductory materials for these 
chapters.
CHAPTER 2
EFFECT OF INCREASED WATER DEPTH ON GROWTH OF A COMMON 
PERENNIAL FRESHWATER-INTERMEDIATE MARSH SPECIES 
IN COASTAL LOUISIANA1
INTRODUCTION
Vegetation patterns in wetland habitats are influenced 
by many factors, both biotic and abiotic, one process that 
has been suggested as a determinant of plant spatial 
variation along gradients is physiological specialization 
to different portions of the gradient (Louda 1989). water 
depth is commonly recognized as a primary physical factor 
that varies along elevational gradients in many wetland 
habitats. Studies have demonstrated that increased water 
depth depletes soil oxygen, which in turn affects plant 
metabolism and growth through such mechanisms as reduced 
photosynthesis, altered nutrient uptake, and hormonal 
imbalances (Kozlowski 1984, Mendelssohn and Burdick 1988).
Emergent herbaceous marsh species demonstrate varying 
responses to alterations in water depth. While flooding or 
submergence is, in general, regarded as inhibitory to plant 
growth, many marsh and aquatic plants are stimulated by
1 This chapter was published in Volume 15 of the 
journal Wetlands (Howard and Mendelssohn 1995). 
Permission to use the article here has been granted 
by the journal (Appendix).
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such conditions (Jackson and Drew 1984). The specific 
growth response of freshwater marsh plants to increased 
water depth varies depending on the species examined. 
Wooten (1986) studied the effect of increased water level 
on seedling leaf characteristics of six Sagittaria species, 
including s. lancifolia L. (synonymous with S. falcata 
Pursh [Godfrey and Wooten 1979]), in a greenhouse setting 
and found a general pattern of decreasing leaf width and 
leaf length and increasing petiole length with submergence. 
Typha latifolia L. and T . angustifolia L. showed increased 
allocation to leaves, greater leaf height, and decreased 
allocation to reproduction, both sexual and vegetative, 
with increased water depth in a freshwater pond (Grace and 
Wetzel 1982). Typha domingansls Pers. also increased 
maximum height with increasing water depth but maintained a 
fixed percentage of biomass in leaves (Grace 1989). in a 
greenhouse study, increasing water depth had the effect of 
increasing shoot height in Sclrpus marltimus L. but 
decreasing shoot numbers and biomass (Lieffers and Shay 
1981). In contrast, Seliskar (1988) found an inhibition of 
stem extension and decreased plant height in Scirpus 
amerlcanus Pers. when plants subjected to a water depth of 
6 cm were compared to plants in a drained treatment. McKee 
and Mendelssohn (1989) found that stem density and biomass 
of Panlcum hamitomon Schult. were reduced by a 10-cm 
elevation decrease in a field experiment; these variables
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were not affected In Leersia oryzoides (L.) and Sagittaria 
land folia.
Wetland plants that survive and adapt to flooded 
conditions nay have reduced vigor and, consequently, 
lowered productivity. They nay also becone nore 
susceptible to additional stress factors, such as increased 
salinity. The chenical constituents of seawater increase 
the likelihood of phytotoxin accunulation in soils, 
prinarily of hydrogen sulfide and reduced forns of iron and 
nanganese (Patrick et al. 1985). Decreased soil redox 
potential and sulfide accunulation were suggested as najor 
factors liniting Spartina altemlflora Loisel. growth in 
the interior of a Louisiana saltnarsh (Mendelssohn and 
McKee 1988a). Interacting abiotic stress factors nay 
therefore contribute to wetland degradation and habitat 
loss. In Louisiana, where nore than 40% of the coastal 
wetlands of the contiguous United States are located, 
wetland loss has becone a najor resource nanagenent issue. 
Marsh interior fragnentation and loss, as opposed to 
shoreline erosion, was described as the nain cause of large 
scale and widespread habitat change in Louisiana (Turner 
and cahoon 1987).
The objective of this field study was to describe the 
response of Sagittaria lancifolia to increased water depth. 
This species is a comnon perennial in coastal Louisiana 
narshes, conposing 15.2% and 6.5% of the vegetation cover
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in fresh (< 0.5 g/L) and intermediate (0.5 to 5.0 g/L) 
marsh types, respectively (Chabreck 1972). It is dominant 
from early spring to midsummer (February-July) in many 
locations, especially in the freshwater-intermediate marsh 
transition zone of southeast Louisiana.
STUDY AREA
The site for this study was the Barataria Preserve 
Unit of Jean Lafitte National Historical Park and Preserve 
(29°45#N, 90°10'W), which covers an area of about 8,000 ha 
in the Barataria Basin of southeast Louisiana (Fig. 2.1). 
The Barataria Basin is an interdistributary estuarine- 
wetland system located between the natural levees of the 
active Mississippi River and the abandoned Bayou Lafourche 
distributary (Conner and Day 1987). The basin has been 
essentially isolated from river flow since leveeing of the 
Mississippi River in the 1930-40s. Jean Lafitte National 
Historical Park and Preserve is located mid-basin, where 
wetlands are tidally influenced and wind, rainfall, and 
evapotranspiration act as primary hydrologic forcing 
functions (Conner and Day 1987).
Hydrologic alterations in the park were described in 
Taylor et al. (1989); these alterations range from small 
canals created in the late 18* century to drain 
agricultural lands and transport lumber, to the Bayou 
Segnette Waterway, a major navigation canal constructed in 
1958. Since the late 1950s, the Park has experienced a
15
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Figure 2.1. Location of the Barataria Unit of Jean Lafitte 
National Historical Park and Preserve and experimental 
design, sampling sites were randomly placed within three 
10-m wide zones along Pipeline Canal. Water-depth 
treatments were control (C), disturbed control (DC), and 
reduced elevations of 7.5 cm and 15.0 cm.
sediment deficit and a slight increase (1.2 g/L) in mean 
salinity (Taylor et al. 1989). Documentation of vegetation 
change from freshwater to intermediate and brackish marsh 
species was provided in Taylor et al. (1989). Haps created 
from aerial photographs taken in 1953 and 1983 indicated a 
53% decrease in freshwater marsh, a 100% increase in 
intermediate marsh, and a 195% increase in open water area 
during this time period (U.S. Fish and Wildlife Service 
1983). The change in marsh vegetation was described as an 
increase in Spartina patens (Ait.) cover, which is 
characteristic of brackish marshes. The Park location is 
currently considered to be a transitional region from 
primarily freshwater to primarily saltwater conditions in 
the Barataria Basin (Demcheck 1991).
The study was conducted in an intermediate marsh 
dominated by Sagittaria lancifolia and spartina patens? 
other species present included sclrpus americanus, Vigna 
luteola (Jacq.) Benth., Polygonum punctatum Ell.,
Eleocharis spp., Hydrocotyl spp., and Panicum spp.
Portions of the study site were floating marsh, as 
described in Swarzenski et al. (1991).
METHODS
Experimental Design
The study began in April 1989 and concluded in July 
1990. The experimental design is illustrated in Fig. 2.1. 
Three 10-m-wide zones (north, mid, and south) were
established along Pipeline Canal, extending perpendicularly 
from each side of the canal into the marsh. A 10-m-wide 
buffer strip parallel to the canal was removed from 
consideration to exclude canal and levee effects on 
vegetation. Eighteen 1.5-m2 sampling sites were randomly 
selected from the edge of the buffer up to 50 m into the 
marsh interior; six sampling sites were located within each 
of the three zones, three on each canal side. The eighteen 
sites were therefore blocked on side and distance from the 
canal to remove hydrologic differences.
The manipulative design for water-level treatments was 
similar to that devised by Mendelssohn and McKee (1988a, 
1988b). Each sampling site was divided into four quadrats, 
and the following treatments were randomly applied within a 
quadrat: an undisturbed control, a disturbed control (sod 
of vegetation dug up and replaced at original elevation), 
and two levels of increased flooding stress (sods replaced 
7.5 cm and 15 cm below original elevation) (Fig. 2.1). The 
experimental sods contained one or two individual plants or 
ramets of S» landfolia and were about 0.30 m in diameter 
and 0.20-m deep. After flooding treatment sods were dug 
up, enough sediment was removed from the resulting hole to 
allow sod replacement at the appropriate lower elevation. 
Each sod was placed in plastic mesh netting that surrounded 
the bottom and sides to facilitate harvest at the 
conclusion of the experiment, to allow for the free-flow of
interstitial water, and to retard ingrowth of rhizomes from 
plants in the surrounding marsh. Because the marsh in the 
study area varied from freely floating to partially 
attached mats, the sods were secured into position in the 
mat by using plastic-coated aluminum wire. Vegetation 
within 0.25 m of the sods and the controls was clipped to 
the marsh surface to standardize shading effects, and other 
plant species were removed periodically from the sods. To 
prevent nutria (Myocastor coypus Molina) herbivory, each of 
the 18 sample sites was surrounded by a wire exclosure.
Data Collection
Number of individual plants or ramets, total leaf 
number, leaf height above the sediment surface, and leaf 
blade width and length were used as indicators of plant 
response to flooding. Experimental sites were visited over 
a 4-day period every 6 to 8 weeks during the growing season 
on the following dates: May 23, July 11, and August 22 in 
1989, and March 20, May 15, and July 10 in 1990. Sampling 
was started earlier in the second growing season to allow 
harvest at peak biomass. Because of time constraints in 
the field, data on plant number, leaf number, and leaf 
height were collected at only nine of the 18 sites during 
the second and third visits of the first growing season. 
Similarly, repeated leaf blade measurements were made just 
two times each growing season and also at only nine sites 
during the first year.
Plants were harvested In late July 1990 and oven-dried 
to a constant weight at 75 °C for biomass determination. 
Belowground material was harvested from the east side of 
the canal only; this material was separated into root and 
rhizome fractions. Young leaf tissue was collected at 
harvest from plants in each water-depth treatment. After 
rinsing in deionized water, drying to a constant weight, 
and grinding in a Wiley mill (60-mesh sieve), the leaf 
tissue was digested in nitric acid and analyzed for 
concentration of elemental Na and the essential nutrients 
Ca, Cu, Fe, K, Mg, Mn, P, and Zn using inductively coupled 
argon plasma spectrometry (ICP) techniques. Total leaf 
carbon and nitrogen content were also determined for each 
leaf sample using a CHN analyzer.
Environmental parameters were monitored at each 
treatment during all six site visits. Soil redox potential 
was measured within 2 cm of the sediment surface and at 15 
cm below the surface using a brightened platinum electrode 
with a calomel reference electrode. Interstitial soil- 
water samples were collected using a syringe and plastic 
tubing (McKee et al. 1988) at 15 cm below the sod surface. 
Sulfide concentration was obtained by immediately placing 5 
ml of interstitial water into an equal volume of 
antioxidant buffer and using an ion sensitive electrode to 
analyze the sample within 24 hr (Lazar Research Lab, Inc. 
application note, ISM-146 micro-electrode). The remainder
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of the sample was placed on ice and returned to the 
laboratory for measurement of pH and salinity within 1 
week. A subsample of interstitial water was filtered 
through a 0.45 micron filter, a portion of this filtered 
water was frozen for analysis of N-NH* (EPA 350.1, 
colorimetric automated phenate method), and the remainder 
was acidified for ICP analysis of soluble Ca, Cu, Fe, K,
Hg, Mn, Na, P, and Zn concentrations.
Water depth was not monitored at each treatment. 
However, water depth above the marsh surface was measured 
at six locations at 4 to 6 week intervals using staff 
gauges anchored in the mineral substrate below the 
vegetation mat. The stations were located in each of the 
three zones along Pipeline Canal (north, mid, and south) on 
both the east and west sides of the canal.
Statistical Analysis
The general linear model approach to analysis of 
variance (ANOVA) (SAS Institute, Inc. 1991) was used to 
compare plant and environmental response means over the 
four water-depth treatments. To remove,any variation due 
to position along the canal and distance perpendicular to 
the canal, the 18 sampling sites were treated as blocks in 
all analyses. The following predetermined contrasts were 
examined: 1) undisturbed control versus disturbed control 
(C vs. DC), 2) 7.5-cm water depth versus disturbed control 
(7.5 vs. DC), and 3) 15.0-cm water depth versus disturbed
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control (15 vs. DC). Data wore transformed when necessary 
to meet ANOVA assumptions of variance homogeneity. 
Significance level was P < 0.05 unless otherwise indicated.
Repeated measures ANOVA with the Wilk's lambda test 
criterion (SAS Institute, Inc. 1991) was used to test for 
differences in plant response treatment means over time and 
to determine if differences over time depended on water- 
depth treatment. In these analyses, water-depth treatments 
represented the between-subject main effect, and time 
represented the within-subject factor. The appropriateness 
of the univariate approach to repeated measures analysis 
was tested with Mauchly's criterion (Moser et al. 1990, 
Potvin et al. 1990). Where the hypothesis of sphericity of 
the covariance matrices could not be met, adjusted 
significance levels (Greenhouse-Geisser or Huynh-Feldt) 
were used when only mild violation was present. In most 
cases, however, nonsphericity of the covariance matrices 
made multivariate repeated measures analyses necessary 
(Moser et al. 1990, Potvin et al. 1990). All repeated 
measures analyses were performed using site as blocks, and 
the two growing seasons were analyzed separately.
RESULTS
Plant Response
No treatment differences were found between initial 
(pre-treatment) plant measurements. At harvest, plants 
subjected to a 15-cm increased water depth (decreased
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elevation) had significantly greater mean and maximum leaf 
heights compared to disturbed controls, and 7.5-cm 
treatment plants had significantly greater mean height 
(Table 2.1). Biomass measures affected by treatment were 
root biomass, which was significantly reduced in the 15-cm 
treatment, and aboveground-to-belowground ratio, which was 
higher in the disturbed control compared to the undisturbed 
control (control). There was also a significantly lower 
aboveground dead biomass in the disturbed control sod 
compared to the control.
Analyses of elemental concentrations in leaf tissue 
indicated that plants in the 15-cm treatment had 
significantly lower leaf concentrations of Ca, Cu, Fe, Mg, 
and Zn than the disturbed controls (Table 2.2). Tissue 
samples from the 7.5-cm treatment also had lower Cu and Zn 
than disturbed controls. Total C and N analyses showed no 
significant treatment effect. Mean leaf nutrient 
concentrations in the disturbed control did not differ 
significantly from those in the control.
Repeated measures ANOVA indicated a significant time 
effect in each growing season for all plant measurements, 
with the exception of number of plants during the first 
year. The time-treatment interaction was significant in 
the first year for mean leaf height, maximum leaf height, 
blade width, and blade length; this interaction was
Table 2.1. Plant response variables by water treatment: height in centimeters, 
biomass in grams per sod (0.071 m2}. LEAFHT*total leaf height, MEANHT^nnean leaf 
height, MAXHT=maximum leaf height, NOPLNT=number of plants in sod, N0LEAF=number of 
leaves in sod, AG:BG*ratio of aboveground live to belowground biomass, 
AGL*aboveground live biomass, AGD*aboveground dead biomass, R00T=root biomass, 
RHIZ=rhizome biomass, and BG=belowground biomass (ROOT+RHIZ).
Water Depth Treatment
Variable control Disturbed Control 7.5 cm 15. 0 cm
LEAFHT 1691.80(153.39)1 1515.48 (142.36) 1331.35(120.84) 1521.71(127.20)
MEANHT 86.28 (1.75) 82.19 (2.40) 87.78 (2.65)2 94.56 (2.69)
MAXHT 114.70 (3.19) 109.65 (2.48) 115.48 (3.06) 124.71 (2.63)
HOPLNT 3.00 (0.33) 2.39 (0.23) 2.39 (0.26) 2.56 (0.18)
NOLEAF 19.53 (1.76) 18.44 (1.76) 15.17 (1.41) 16.00 (1.22)
AG:BGm 0.64 (0.06) 0.89 (0.06) 0.86 (0.09) 0.78 (0.09)
AGL 60.85 (6.75) 53.60 (5.79) 43.97 (4.06) 53.98 (5.19)
AGD 24.88 (3.01)2 17.41 (1.80) 16.57 (1.35) 19.03 (2.57)
BG3 88.02 (16.97) 68.48 (7.66) 66.29 (5.94) 77.10 (9.82)
ROOT3 12.53 (2.10) 12.67 (1.73) 9.41 (0.78) 8.50 (0.93)
RHIZ3 75.49 (14.90) 55.81 (6.42) 56.88 (5.67) 68.61 (9.25)
1 Mean (standard error), n=18.
2 Treatment mean is significantly different (p<0.05) than disturbed control mean.
3 n=9.
Analysis of log transformed data.
tou
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Table 2.2. Nutrient concentration In leaf tissue.
Elemental concentrations are reported as ppm, and total c  
and N concentrations are reported as mg/g. C = control, DC 
= disturbed control.
Hater Depth Treatment
Variable C DC 7.5 cm 15.0 cm
Total c 413.53* 409.79 411.54 412.47
(1.28) (2.01) (1.51) (1.82)
Total N 18.04 19.33 18.28 18.80
(0.60) (0.80) (0.49) (0.87)
K 29574.45 30392.91 28772.67 31892.42
(2368.23) (2279.39) (1847.90) (2745.80)
3460.49*Ca 4164.60 4287.31 3533.95
(248.56) (261.95) (283.69) (150.55)
Mg 3028.60 3095.01 2890.70 2733.56*
(174.33) (144.55) (116.25) (97.48)
P 1894.04 1935.42 1877.73 2109.77
(72.22) (104.55) (78.36) (154.49)
Na 20936.41 21767.23 21327.75 19812.44
(643.10) (1295.47) (931.18) (1064.56)
49.40*Fes 52.54 64.22 51.77
(4.89) (8.61) (2.68) (3.21)
Mn 71.89 75.79 68.02 62.44
(6.54) (7.41) (5.18) 
42.23*
(6.78)
41.12*Zn3 73.06 94.10
(7.19) (23.16) (5.02) 
23.18*
(5.64)
20.37sCu 24.06 26.27
(1.31) (1.46) (1.23) (1.21)
1 Mean (standard error), n=18.
2 Treatment mean is significantly different (p<0.05)
than disturbed control mean.
3 Analysis of log transformed data.
significant in the second year for leaf number only, of 
these variables with significant time-treatment 
interaction, only mean and maximum height showed 
significant treatment effects overall. Mean height changed 
differently over time depending on water-depth treatment 
the first growing season, with plants in the 15-cm 
treatment becoming taller (Fig. 2.2a). When measurements 
were initiated in the second growing season, the mean 
height of 15-cm treatment plants already exceeded that of 
the other treatments. The treatments thereafter changed 
similarly over time. This pattern is also apparent in the 
maximum height data; the significant difference between the 
15-cm treatment and the disturbed control was established 
in the first growing season, and the treatments behaved 
similarly over time during the second year (Fig. 2.2b). 
Environmental Response
Water-depth measurements at the six staff gauges 
indicated seasonal variations in depth, with lowest water 
levels occurring during the winter (Fig. 2.3). The sites 
ranged from an essentially freely-floating (northeast) to 
attached (northwest and southeast) vegetation mats.
Despite this variation, the experimental treatments 
remained anchored at lower elevations in the mat throughout 
the study. It was noted, however, that even the 15-cm 
reduced elevation treatment lacked standing water during 
some of the low-water periods.
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Figure 2.2. Mean (a) and maximum (b) leaf heights over 
time for the 1989 and 1990 growing seasons. Water-depth 
treatments were control (C), disturbed control (DC), and 
reduced elevations of 7.5 cm (7.5) and 15.0 cm (15).
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Figure 2.3. Water depth (cm) above marsh surface at six 
locations along Pipeline Canal from July 1989 to July 1990.
Analysis of initial (pre-treatment) environmental 
variables showed no treatment differences. Data were not 
collected to test for initial differences in interstitial 
soil water nutrient status at the surface compared to 15 
cm. Establishment of the marsh sods, with no increased 
flooding, significantly decreased Fe, Hg, and Na 
concentrations and salinity/conductivity (Table 2.3) and 
increased ammonia and sulfide (Fig. 2.4). Interstitial 
water surrounding the roots of plants subjected to a 
decreased elevation of 15 cm had significantly higher 
concentrations of K, Mg, Mn, Na, and P, as well as higher 
salinity and conductivity, than the disturbed controls 
(Table 2.3). However, interstitial water Fe and Zn were 
reduced at lowered elevations. Mean redox potential (Eh) 
was significantly lower in the 7.5- and 15-cm treatments as 
compared to the disturbed control (Fig. 2.5). Trends of 
increasing sulfide and ammonia concentrations in 
interstitial water followed decreased elevation and redox 
potentials (Fig. 2.4). Treatment differences in Eh were 
most dramatic in March 1990, for measurements at both 2 cm 
and 15 cm, and were less distinct at other times (Fig.
2.6). Interstitial water sulfide concentrations, however, 
remained higher in the reduced elevation treatments 
throughout both growing seasons (Fig. 2.7).
Table 2.3. Elemental analyses of soil interstitial water (ppm) and soil water pH, 
salinity (g/L), and conductivity (micromhos/cm x 10* at 25° C). Data were means for 
five post-treatment measurements. C ■ control, DC * disturbed control.
Hater Depth Treatment
Variable C DC 7.5 cm 15.0 cm
Element
K 3.880 (0.506) 3.914 (0.340) 4..951 (0.341)2 5.945 (0.336)
Ca 26.022 (1.406) 24.390 (0.923) 24,.669 (1.189) 26.171 (1.265)
Mg 36.666 (2.049)2 31.759 (1.486) 33..227 (1.932) 35.556 (2.242)
P 0.106 (0.015) 0.098 (0.005) 0,.120 (0.007) 0.129 (0.009)
Na 285.367 (17.979)2 240.151 (13.649) 270..952 (17.815)2 273.798 (18.066)
Fe3 1.011 (0.346)2 0.298 (0.043) 0..259 (0.102)2 0.176 (0.032)
Mn 0.037 (0.009) 0.042 (0.005) 0..049 (0.007) 0.059 (0.008)
Zn3 0.098 (0.052) 0.053 (0.009) 0..030 (0.002)2 0.031 (0.003)
Cu 0.011 (0.002) 0.008 (0.002) 0..010 (0.003) 0.010 (0.002)
pH 6.086 (0.019) 6.115 (0.021) 6..095 (0.018) 6.121 (0.015)
Salinity 1.212 (0.061)3 1.126 (0.049) 1..181 (0.0571 1.251 (0.062)
Conduct. 0.199 (0.010)2 0.184 (0.008) 0..195 (0.009) 0.204 (0.010)
1 Mean (standard error), n=18.
2 Treatment mean significantly different (p<0.05) than disturbed control mean.
Analysis of log transformed data.
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Figure 2.4. Post-treatment mean interstitial water sulfide 
and ammonium-N concentrations. Analyses performed on log 
transformed data.
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potential at 2- and 15-cm depths.
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Figure 2.6. Eh measurements over time obtained at depths 
of 2 cm (a) and 15 cm (b). Water-depth treatments were 
control (C), disturbed control (DC), and reduced elevations 
of 7.5 cm (7.5) and 15.0 cm (15).
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Figure 2.7. Interstitial water sulfide concentration over 
tine. Water-depth treatments were control (C), disturbed 
control (DC), and reduced elevations of 7.5 cm (7.5) and 
15.0 cm (15).
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DISCUSSION
Because Sagittaria lancifolia is a common wetland 
plant in coastal Louisiana, it is apparently well-adapted 
to fluctuating water regimes. This experiment demonstrated 
that up to 15 cm of increased water depth did not affect 
the standing crop of S. lancifolia, as indicated by 
aboveground and total belowground biomass determinations at 
the conclusion of the second growing season. The reduced 
net photosynthesis found for this species in a greenhouse 
study by Pezeshki et al. (1987a) after about 2 months 
exposure to 5 cm of increased freshwater flooding is 
apparently a short-term response that does not affect 
biomass accumulation. Additional evidence for the ability 
of this species to adapt to flooding stress was provided in 
the field study by McKee and Mendelssohn (1989), where a 
10-cm increase in water depth was found to have no effect 
on biomass or stem density after one growing season. 
Agreenhouse study of the freshwater species Justicia 
letnceolata (Chapm.) Small indicated a qualitative reduction 
in biomass with increased water depth in the first 15 weeks 
of exposure to flooding; this effect, however, was not 
quantitatively significant at the conclusion of the 
experiment 8 weeks later (Llewellyn and Shaffer 1993). It 
should be noted that the field experiments involving S. 
lancifolia did not necessarily involve the continuous 
flooding stress associated with greenhouse studies or other
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field designs where water depth is closely controlled. In 
this study, natural water-level fluctuations in the tidally 
influenced marshes of Jean Lafitte National Historical Park 
and Preserve periodically drew water levels down below the 
surface of even the 15-cm reduced elevation treatment.
Interpretation of the aboveground-to-belowground 
biomass ratio results is difficult. This ratio was 
significantly higher in the disturbed control compared to 
the control, but differences between the disturbed control 
and the water-depth manipulation treatments were not 
significant. The process of digging up the sods may have 
caused a shift in allocation from belowground to 
aboveground material or simply reduced belowground 
production. This interpretation, however, is not 
substantiated by separate analyses of aboveground and 
belowground biomass; in these analyses, no significant 
treatment differences were found (Table 2.1).
Although total belowground (root plus rhizome) biomass 
of S. lancifolia was not affected by water depth treatment, 
the separation of belowground material into fractions 
allowed the detection of decreased root biomass in the 15- 
cm treatment. Mature individuals of this species have 
thick, tuberous rhizomes that persist for many years, so it 
is likely that an adverse belowground growth response would 
become manifested in young root material first. Root 
biomass was also significantly decreased in Spartina patens
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by lowered Eh in a rhizotron study (Bandyopadhyay et al. 
1993). In a field study by Mendelssohn and Seneca (1980), 
the tall and medium growth forms of S. alterniflora had 
reduced root, rhizome, and aboveground biomass in 
restricted drainage treatments.
The growth form of S. lancifolia was affected by 
water-depth treatment, with greater maximum and mean leaf 
heights in plants subjected to a 15-cm increase in water 
depth and greater mean height in those subjected to a 7.5- 
cm increase. Expression of this morphological response 
required two to three months exposure to the flooding 
conditions in the first growing season but was apparent 
very early in the second growing season. McKee and 
Mendelssohn (1989) found that leaf elongation of this 
species in a greenhouse study was stimulated at low 
salinity (< 2.4 g/L) levels by increased water depth over a 
35-day period, but mean height data were not presented.
A driving force behind the morphological response of 
increased leaf height was proposed by Grace (1989). This 
scenario is based on an increasing importance of light 
limitation on plant growth as water depth increases. Grace
(1989) stated that a plant of a given height would have a 
decreasing proportion of its total biomass capable of 
substantial photosynthetic activity and an increasing 
proportion contributing to its respiratory burden as water 
depth is increased. Therefore, increasing height is a
response that can maintain or increase the proportion of 
assimilatory tissue. This theory was supported by Squires 
and van der Valk (1992); they related the distribution of 
seven emergent species along a water-depth gradient in a 
Manitoba marsh to the individual species' ability to adjust 
shoot length for maintenance of sufficient shoot area above 
the water surface. In the present study, both suspended 
solids in the water and shading from the sides of the hole 
created to simulate the water-depth increase were probable 
sources of light limitation. Leaves of s. landfolia in 
the 15-cm treatment had mean and maximum leaf heights at 
harvest exceeding those of the disturbed control by 12.37 
cm and 15.06 cm, respectively. Although blade length and 
width measurements were not obtained at harvest, repeated 
measures analysis of data obtained before harvest indicated 
no overall treatment differences in leaf blade dimensions. 
The leaf height increase was therefore due to increased 
petiole length, a response to increased water depth also 
indicated in the greenhouse study of S. landfolia 
seedlings by Wooten (1986). The height increase, was 
achieved without an increase in biomass or decrease in leaf 
number; this could be accomplished by greater production of 
aerenchyma tissue in the petioles.
Manipulating the elevation of the sods altered two 
physical/chemical conditions. In addition to the desired 
increase in relative height of the water column above the
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sod surface in comparison to the surrounding marsh, sod 
sediment was brought into contact with deeper surrounding 
sediment. It was not possible to separate the effects of 
exchange with this deeper sediment from the effects of 
increased water depth alone on soil-water chemical 
characteristics. Results indicated that the water-depth 
treatments affected soil-water chemistry as well as plant 
morphology. Patrick et al. (1985) described the general 
patterns of nutrient changes in soils subjected to 
increased flooding. They noted higher concentrations of 
Ca, Cu, Pe, K, Mg, Mnr P, and Zn resulting from biological 
reduction and associated chemical reactions, including 
factors such as the greater solubility of some metals in 
reduced form. Ammonia concentrations also increase because 
mineralization of organic nitrogen proceeds under reduced 
conditions, and sulfates present are reduced to sulfides. 
While no change was noted in this study for Ca or Cu 
concentration, K, P, Mg, Mn, Na, ammonium, and sulfide did 
have increased concentrations in one or both of the flooded 
treatments compared to the disturbed control. Decreased Fe 
and Zn concentrations in flooded treatments may be due to 
reaction of hydrogen sulfide with reduced forms of these 
elements to produce insoluble metal sulfides (DeDatta 
1981). Conductivity and salinity were significantly 
greater in the 15-cm treatment than in the disturbed
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control, but this snail salinity effect is biologically 
insignif icant.
The disturbance effect of digging up the marsh sods 
caused a statistically significant decrease in a number of 
environmental variables (Table 2.3). With the exception of 
Fe, however, the magnitude of the change was relatively 
minor. When sods were subjected to increased flooding, Fe 
concentrations were reduced further, probably due to 
precipitation with sulfide that also increased with 
flooding (Fig. 2.4). The statistically significant 
increase in sulfide and ammonium due to digging was also 
small compared to further increases with flooding.
The effect of water-level treatments on interstitial 
water nutrient concentrations was not necessarily reflected 
in leaf tissue nutrients. Despite increased availability 
of K, Mg, Mn, Na, P, and N (measured as ammonium) in the 
interstitial water of the 15-cm treatment, tissue 
concentrations did not increase. In fact, Ng tissue 
content was lower in the 15-cm treatments. However, the 
decreased Fe and Zn availability in interstitial water was 
reflected in the leaf tissue. Leaf Ca and Cu were reduced 
with greater water depth, while interstitial water 
concentrations were not affected. The general tissue 
nutrient effects described are similar to those found for 
P. henitomon, where decreased concentrations of leaf Ca,
Hg, P, Fe, Mn, and Zn were found in flooded treatments of a
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35-day greenhouse study (McKee and Mendelssohn 1989). In 
contrast, the brackish marsh species S. patens, when grown 
in flooded freshwater rhizotron conditions, had elevated 
tissue content of Fe and Mn and no change in Na, K, Ca, Mg, 
Zn, and Cu (Bandyopadhyay et al. 1993).
A possible interpretation of the nutrient patterns in 
S. landfolia leaf tissue versus the soil water solution is 
that of decreased nutrient uptake by the plant. Because 
nutrient uptake is an active process, it will be affected 
by a lowered root energy status, which can result as a 
consequence of flooding stress (Mendelssohn et al. 1981, 
Koch et al. 1990). Several recent studies have linked 
reduced nitrogen uptake with low sediment oxygen 
concentrations (Morris and Dacey 1984, Howes et al. 1986, 
Bandyopadhyay et al. 1993). Lower root energy production 
as a consequence of anaerobic root metabolism, root carbon 
deficits resulting from increased glucose consumption 
during anaerobic respiration (Pasteur Effect), and carbon 
loss through ethanol diffusion from roots are plausible 
mechanisms by which N uptake may be negatively impacted by 
flooding stress (Mendelssohn et al. 1981, Mendelssohn and 
McKee 1987, Koch et al. 1990).
The trend of increasing sulfide with decreasing 
surface elevation and redox potential may have implications 
for nutrient uptake and plant growth as well. Koch et al.
(1990) found that leaf elongation in the freshwater marsh
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species P. hemitomon was significantly slower in an anoxic 
compared to aerated treatment and was further reduced by 
sulfide levels above 1 mM (32 ppm). Increasing sulfide 
concentration inhibited root alcohol dehydrogenase 
activity, the enzyme that catalyzes the final step in 
alcoholic fermentation, and was associated with a decreased 
adenylate energy charge ratio and decreased nitrogen uptake 
(Koch et al. 1990). Although mean sulfide levels found in 
this study were comparatively low (maximum of 5.77 ppm), 
concentrations up to 40 ppm were occasionally measured. If 
reduced soil conditions and/or raised sulfide 
concentrations led to decreased nutrient uptake, however, 
conditions were not sufficiently stressful to adversely 
affect plant vigor as measured by aboveground standing 
crop.
In summary, S. lancifolia adapted to the degree of 
stress imposed by a 15-cm increase in water depth with 
increased mean and maximum leaf height and no change in 
aboveground biomass. These results, however, do not 
indicate that water depth increases of less than 15 cm will 
not adversely affect biomass of this species across the 
coastal region of southeast Louisiana. Additional factors 
need to be considered before any practices that alter water 
depth are instituted, including composition of the marsh 
plant community and the associated seed bank and the 
relative flood tolerance of all the species represented.
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Other plant species vere selectively removed from the 
experimental units in this study. Therefore, interspecific 
competitive effects on growth of S. lanclfolia under 
increased flooding regimes were removed. Additionally, 
similar results would not necessarily be expected in areas 
where water levels are permanently increased and where 
increased water levels coincide with increased surface 
water salinities; the experimental design of this study did 
not interfere with the normal, tidally influenced 
hydrologic regime of the study site. The potential for 
elevated soil salinity and its effects on flood tolerance 
and competitive interactions must also be considered.
CHAPTER 3
SALINITY PULSES AS CONSTRAINTS ON GROWTH OP 
CONNOR OLIGOHALINE MARSH PLANTS 
OP THE NORTHERN GULP OP MEXICO 
I. SPECIES VARIATION IN STRESS TOLERANCE
INTRODUCTION
Spatial variation in plant species abundance and 
community composition along environmental gradients is a 
common pattern in nature. Louda (1989) listed four 
hypotheses to describe processes that could lead to this 
variation: physiological specialization to different 
environmental conditions along the gradient, differential 
dispersal, variation in interspecific competitive ability, 
and changes in predation pressure along the gradient. In 
coastal marsh habitats, salinity is a chemical factor that 
varies with distance from the source of salt water as well 
as over elevational gradients. Salinity regimes in coastal 
habitats also fluctuate, both at regular intervals caused 
by daily tides and irregularly, because of factors such as 
storm events and hydrologic alterations such as canal 
construction.
Increasing salinity can affect plant growth in several 
ways: 1) by imposing water stress through increased osmotic 
potential of the rooting medium (Levitt 1972, Yeo 1983, 
Wainwright 1984, Hale and Orcutt 1987), 2) accumulation of
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ions or other possible plant toxins in the soil (Wainwright 
1984, Hale and Orcutt 1987), and 3) accumulation of ions 
and/or salt in plant tissue (Yeo 1983, Flowers 1985, Hunns
1993). Morphology of freshwater aquatic plants has been 
implicated as a factor influencing salinity tolerance, with 
low tolerance levels in large floating-leaved species, 
intermediate levels in submersed species, and higher levels 
in small-leaved floating plants (Haller et al. 1974). 
Mendelssohn and McKee (1988b) found a broad-leaved emergent 
species of a freshwater marsh habitat to be more sensitive 
than narrow-leaved grasses to salinity increases. Within 
species ecotypic variation in salt tolerance has been 
reported (Ahmad and Wainwright 1977, Wainwright 1984, Blits 
and Gallagher 1991), as well as variations among different 
life history stages (Zedler et al. 1990).
Because plant zonation along a salinity gradient is 
recognized as a major feature of temperate coastal marshes 
(Mitsch and Gosselink 1986, Odum 1988), interest has 
focused on how plant communities will respond to changes in 
hydrologic regimes that affect salinity. A study in 
coastal Louisiana showed that there were no consistent 
patterns in salinity trends in recent years, and that areas 
of significant increased salinity exhibited changes of a 
magnitude insufficient to affect plant growth (Wiseman et 
al. 1990). coastal oligohaline wetlands, however, may be 
subjected to sudden influxes of high salinity water that
inundate an area for relatively short periods of time.
Such events, often related to severe weather, may not 
permanently alter the physical or chemical characteristics 
of a site. They could, however, alter community structure 
and composition depending on the response of individual 
plant species to the stressors and on species interactions 
(Valentine 1977, HcKee and Mendelssohn 1989). In a study 
that simulated salinity increases of very short-term 
duration (i.e., less than 72 hr) such as might accompany a 
hurricane, Llewellyn and Shaffer (1993) found biomass of 
the freshwater marsh species Justicia lanceolata was 
unaffected if salinity was subsequently lowered by 
freshwater flushing. In a tidally-influenced oligohaline 
marsh, however. Brewer and Grace (1990) hypothesized that 
zonation of plant communities was regulated by the 
interaction of occasional pulses of higher-salinity lake 
water during storm events and biotic factors.
Despite potential impacts on marsh functions and 
productivity, the effect of short-term changes in salinity 
regime on oligohaline marsh plant community dynamics is 
presently not clear. The objective of this study was to 
quantify the impact of salinity pulses, including 
components of maximum salinity reached, rate of salinity 
increase, and duration of exposure, on growth of selected 
oligohaline marsh macrophytes in a single growing season. 
To our knowledge, salinity influx rate effects within
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specified salinity levels and at various exposure durations 
have not been previously evaluated. The ability of the 
selected species to recover after salinity stress is 
removed is discussed in Chapter 4.
METHODS
Plant Material
This study included plant species common to 
oligohaline marshes along the northern Gulf of Mexico: 
Eleocharis palustris (synonymous with E. macrostachya; 
Kartesz 1994), Panicum hemitomon, Sagittaria landfolia, 
and Sdrpus americanus (synonymous with S. olneyij Kartesz
1994). These species display a range of leaf and stem 
morphologies, factors that are believed to influence 
salinity tolerance in freshwater wetland species. Relative 
distributions of the last three species across marsh types 
in coastal Louisiana were provided by Chabreck (1972). 
Although no specific data on mean salinity associated with 
each marsh type was provided, Chabreck (1972) delineated 
four marsh zones: fresh, intermediate, brackish and salt, 
that represent a continuum along a salinity gradient. P 
hemitomon was essentially restricted to fresh marsh, S . 
lancifolia (identified as S . falcata) occurred primarily in 
the fresh marsh but was also present in intermediate 
marshes, and S. americanus (identified as S. olneyi), which 
was sparse in fresh marsh, was about equally abundant in 
intermediate and brackish marsh (Chabreck 1972).
Eleocharis sp. was listed by Chabreck (1972) as most common 
in fresh marsh but present in intermediate marshes and with 
a very low occurrence in brackish areas. In an early 
characterization of Louisiana coastal marshes, Penfound and 
Hathaway (1938) listed P. hemitomon as a strictly 
freshwater species; they found the percent salt tolerance 
of S. lancifolia and S* americanus (identified as s. 
olneyi) along their field transects ranged from 0.0-0.89 
and 0.55-1.68, respectively.
Plant material was collected from low salinity (< 2 
g/L) sites in the Barataria and Lake Pontchartrain Basins 
of southeast Louisiana in April 1990. Plants were 
transported to a greenhouse facility at Louisiana State 
University in Baton Rouge (30°30* N, 91°15' W), sorted, 
planted in small containers of Mississippi River silt, and 
allowed to acclimate to the greenhouse for 6 wk in 
fiberglass tanks (625-L) filled to pot-surface level with 
fresh tapwater. After the acclimation period, plants of 
similar size within each species were selected, and rhizome 
lengths were standardized (i.e., cut to same length) for 
Eleocharis, Panicum, and Scirpus. No attempt was made to 
standardize Sagittaria rhizomes because of their large 
size; rhizomes varied in diameter, and it was believed that 
cutting would affect survival of this species. The plants 
were washed to remove soil from the roots, weighed, and 
repotted in plastic containers (15 x 15 cm) filled with a
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soil mixture (2 parts Jiffy Hix Plus [a commercial potting 
soil containing N and P fertilizer] and 1 part Mississippi 
River silt); a drain hole was placed near the base of each 
pot. Each pot contained a single plant. Extra plants of 
each species were weighed and then dried at 75° C to obtain 
data for wet mass/dry mass conversion. Treatments were 
initiated after an additional 9-11 day acclimation period, 
in June 1990.
Experimental Design and Data Collection
Initial conditions for the experiment were 0 g/L and 
water depth 1 cm above the soil surface. Each species was 
exposed to the following five treatments (Table 3.1): 1) 
control, 2) final salinity of 6 g/L salinity reached in 3 
wk, 3) final salinity of 6 g/L reached in 3 d, 4) final 
salinity of 12 g/L reached in 3 wk, and 5) final salinity 
of 12 g/L reached in 3 d. The treatments are numbered in 
perceived order of increasing level of stress. The 3 d 
influx rate was selected to simulate a severe storm event 
(e.g., a hurricane), and the 3 wk influx rate simulated a 
more gradual salinity change, such as that associated with 
frontal events or canal construction. Forty Fathoms Marine 
Mix (Marine Enterprise International Inc., Baltimore, 
Maryland) was used as the artificial salt source, and 
flooding depth was held at l cm. The treatments were 
maintained for a period of 1, 2, or 3 months (referred to 
as duration of exposure).
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Table 3.1. Description of experimental treatments.
Treatment Final salinity Influx rate
1 0 g/L —
2 6 g/L 3 weeks
3 6 g/L 3 days
4 12 g/L 3 weeks
5 12 g/L 3 days
Treatments were randomly assigned to one of five 625-L 
fiberglass tanks within each of three experimental blocks 
(zone of greenhouse). Within a block, six pots of each 
species were randomly assigned to each of the five 
treatments; the six pots were also assigned to a harvest or 
recovery category (Fig. 3.1). Two pots of each species 
were removed from each treatment at the end of the 
designated exposure duration. One pot of each pair was 
moved to a sixth (recovery) tank with initial conditions. 
Analyses of these plants, designated recovery plants, are 
discussed in Chapter 4. In this chapter results obtained 
from the second plant of each pair removed, which was 
immediately harvested, are described. The design was 
considered a split plot blocked on the whole plot 
(treatment) with a randomized subplot (duration of 
exposure), and a total of 360 pots was used.
Tank water salinity and depth were monitored daily and 
adjusted as necessary until conditions became stable; tanks
Treatment: 1
Salinity -  Influx: 0 g/L -  None
ecovery Plants
6 g/L -  3 weeks
ecovery
6 g/L -  3 days
ecovery Plants
Treatment: 
Salinity -  Influx: 12 g/L -  3 weeks
Recovery Plants
12 g/L -  3 days
ecovery Plants
Figure 3.1. Simplified experimental design indicating one of three blocks. Large 
circles represent 625-L fiberglass tanks and small circles represent pots 
containing a single plant. Pots for only one species are illustrated; each tank 
initially included six randomly placed pots of each of the four species.
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were thereafter monitored every other day. Stem (or leaf, 
for Sagittaria) density, total stem/leaf height, and mean 
stem/leaf height were measured every 2 weeks; any 
mortality, defined as complete death of aboveground tissue, 
was noted. Harvested plants were divided into aboveground 
and belowground portions, and aboveground material was 
further separated into live and dead. It was not possible 
to distinguish live from dead in the belowground material, 
so reported values for this component included both. Plant 
tissue was dried at 75° C to a constant weight for biomass 
determination.
Statistical Analysis
Data were analyzed separately by species; no 
statistical comparisons were made between species. All 
analyses were performed by using SAS/STAT software (SAS 
Institute, Inc. 1991). Linear regression analysis was 
applied to data collected from extra plant material to 
define a relationship between wet and dry biomass. The 
initial model examined included treatment as a main effect 
and was based on separate analyses at each of the three 
levels of exposure duration for each species. Univariate 
analysis of variance (ANOVA) was used with aboveground live 
biomass, belowground biomass, stem/leaf density, total 
stem/leaf height, and mean stem/leaf height as dependent 
variables. Initial dry biomass was included as a covariate 
for biomass analyses, and initial measurements of stem/leaf
density, total stem/leaf height, and mean stem/leaf height 
were used as covariates with their corresponding response 
measures. The interaction between treatment and covariate 
was tested, and analysis of covariance continued in cases 
of nonsignificance. The covariate was dropped from 
analyses when not significant. A priori linear contrasts 
(Table 3.2) were examined at each duration of exposure to 
determine effects of final salinity level and influx rate.
Table 3.2. A priori linear contrasts used in analysis of 
variance.
Contrast Factors Description
l Treatment 1 vs 4,5 Control vs 12 g/L
2 Treatment 2,3 vs 4,5 6 g/L vs 12 g/L
3 Treatment 2 vs 3 Influx within 6 g/L
4 Treatment 4 vs 5 Influx within 12 g/L
The second model was a repeated measures analysis of 
variance (ANOVAR) using data obtained at seven time periods 
from plants harvested at 3 months. It was not possible to 
perform a multivariate ANOVAR on this data set because the 
number of observations (3) was less than the number of 
repeated measures (7) (Moser et al. 1990, Fotvin et al. 
1990). Using the univariate approach, the Huynh-Feldt 
corrected significance level was used when the sphericity 
criterion was not met (Potvin et al. 1990).
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Treatment effects were fixed, so the models were 
assumed to be robust for the normality assumption 
(Montgomery 1991). Data were transformed when residual 
plots indicated failure to meet the assumption of variance 
homogeneity. A significance level of 0.05 was used for all 
ANOVA and ANOVAR tests.
RESULTS
Plant Mortality
An obvious indication of plant intolerance of 
experimental salinity pulses was mortality of aboveground 
tissue. Both Panicum and Sagittaria exhibited aboveground 
mortality in the 12 g/L treatments. Panicum experienced 
50% mortality at 2 month (1 plant in treatment 4, 2 in 
treatment 5) and 84% at 3 months (2 plants in treatment 4,
3 in treatment 5), while Sagittaria had 17% mortality at 2 
months (1 plant in treatment 5) and 33% at 3 months (2 
plants in treatment 5). . One Scirpua death in treatment 2 
at 1 month was identified as accidental due to stem 
breakage during handling; data from this plant were treated 
as misBing in analyses.
Salinity Level
Aboveground biomass of all species was significantly 
reduced in 12 g/L salinity (influx rates combined) as 
compared to the controls (Table 3.3, Fig. 3.2). The actual 
point in time when this reduction became apparent, however,
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Table 3.3. Analysis of variance of final salinity effect 
on plant growth. Entries are F values from 1 degree of 
freedom contrasts. Abbreviations are: mo-month, 
AG=aboveground live biomass, BG=be1owground biomass, 
STEM=number of stems or leaves (Sagittaria land folia), 
TOTHT-total stem/leaf height, MEANHT-mean stem/leaf height.
0 vs 12 g/L 6 vs 12 g/L
Vari-
able 1 mo 2 mo 3 mo 1 mo 2 mo 3 mo
Eleocharis palustris
AG 1.88* 76.23* 49.16*b 0.55* 31.44*b 3.62b
BG 1.87 20.74** 6.16* 2.20 8.61** 0.15
STEM 0.09 26.57*® 57.75* 0.02 9.12** 0.47
TOTHT 10.66* 143.65*b 77.46* 1.13 79.50*b 2.26
MEANHT44.23* 85.42* 39.35* 7.05* 29.41* 17.78*
Panicum hemitomon
AG 10.60* 15.14* 115.54*b 6.24* 3.45 33 . 48*b
BG 3.24 15.44** 180.35* 0.00 15.81** 30.83*
STEM 6.08* 17.44*® 35.68* 3.56 21.22** 13.38*
TOTHT 21.32* 15.33*b 84.47*b 4.32 19 . 88*b 74.71*b
MEANHT 0.28 17.06* 77.57*b 0.10 14.92* 86.21*b
Sagittaria lancifolia
AG 71.13* 152.43* 68.80* 19.60* 42.65* 6.54*
BG 16.18* 38.63** 68.71* 2.21 48.00** 10.63*
STEM 92.80* 95.16* 14.03* 36.82* 94.44* 3.18
TOTHT130.80* 166.01* 91.82* 41.76* 57.66* 15.27*
MEANHT27.75* 26.91* 34.29*b 18.15* 6.69* 35.29*b
Scirpus americanus
AG 5.07 11.83* 19.47* 5.87 10.58* 9.43*
BG 5.60 0.48 14.54* 0.10 0.43 8.76*
STEM 1.20 1.41 4.84 12.03* 6.86* 5.09
TOTHT 9.22*b 14.45* 12.82* 9.93*b 19.78* 8.79*
MEANHT14.74* 13.09* 9 * 26*b 1.40 5.77* 5.93*b
* Significant at P < 0.05.
* Analysis of inverse (X) transformed data.
b Analysis of log (X+l) transformed data.
c Analysis of square root (X) transformed data.
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Figure 3.2. Aboveground live biomass at harvest for 
control (treatment l), 6 g/L salinity (treatments 2 and 3), 
and 12 g/L salinity (treatments 4 and 5), in Eleocharis 
palustris, Panicum hemitomon, Sagittaria landfolia, and 
Sdrpus americanus. a=significant difference between 
control and 12 g/L; b-significant difference between 6 g/L 
and 12 g/L.
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varied with species. Both Panicum and Sagittaria responded 
negatively at 1-month exposure, while Eleocharis and 
Scirpus remained unaffected until 2 months (Fig. 3.2). 
Sagittaria was the first species to show visible signs of 
stress, with browning and curling of leaf blade edges 
apparent in treatment 5 (12 g/L, 3 d influx) on day 8 of 
the experiment. Mean stem height was reduced at 12 g/L 
compared to the control at all exposure durations for all 
species with the exception of Panicum at 1 month (Fig.
3.3). Total stem height was reduced in the 12 g/L 
treatments for all species at all durations. Stem density, 
which was unaffected in Scirpus (Table 3.3), was reduced in 
the other species, beginning at 1 month exposure in Panicum 
and Sagittaria and at 2 months in Eleocharis. Significant 
belowground biomass effects (Table 3.3) consisted of 
reduction at 12 g/L for all species; this effect, however, 
was delayed until 2 months in Eleocharis and Panicum and 3 
months in Scirpus.
A second contrast compared 6 g/L treatments to 12 g/L 
treatments, with influx rates again combined within 
salinity level. Significant effects for all species 
consisted of a reduction of the growth response in 12 g/L 
compared to 6 g/L (Table 3.3, Figs. 3.2, 3.3). Panicum and 
Sagittaria were generally affected earlier and longer than 
Eleocharis and Scirpus.
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Figure 3.3. Mean stem height at harvest for control 
(treatment 1), 6 g/L salinity (treatments 2 and 3), and 12 
g/L salinity (treatments 4 and 5), in Eleocharis palustris, 
Panicum hemitomon, Sagittaria lancifolia, and Scirpus 
americanus. a=significant difference between control and 12 
g/L; ^significant difference between 6 g/L and 12 g/L.
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Salinity Influx Rate
The influence of salinity influx rate on plant growth 
was less compelling than that of final salinity level. 
Within the 6 g/L treatment, reduced mean stem height, total 
stem height, and belowground biomass were found for 
Eleocharis, Panicum, and Sagitteuria, respectively, in the 
3-day influx compared to the 3-week influx l month into the 
experiment. These effects, however, were temporary and 
disappeared with longer exposure (Table 3.4). Within 12 
g/L, the adverse effect of the rapid influx rate on growth 
of these species was apparent in the second month as well, 
and in the case of Sagittaria, the effect on mean leaf 
height persisted through 3 months. In a deviation from the 
overall trend of reduced growth with increasing stress, 
belowground biomass in Sagittaria was actually higher at 2 
months in the 3-day compared to 3-week influx rate (5.16 + 
1.53 vs 3.37 + 0.41, mean + 1SE). Scirpus did not respond 
to influx rate at either 6 or 12 g/L final salinity (Table
3.4).
Duration of Salinity Exposure
Because harvests took place at different times, the 
effect of duration could not be included as a main factor 
in statistical analyses (i.e., duration was confounded with 
plant age). Separate analyses by exposure duration
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Table 3.4. Analysis of variance of salinity influx rate 
effect on plant growth. Entries are F values from 1 degree 
of freedom contrasts. Abbreviations are: mo**months, 
AG=aboveground live biomass, BG=belowground biomass, 
STEM=number of stems or leaves (Sagittaria lancifolia), 
TOTHT*total stem/leaf height, HEANHT*mean stem/leaf height.
Influx within 6 g/L
Vari­
Influx within 12 g/L
able 1 mo 2 mo 3 mo 1 mo 2 mo 3 mo
Eleocharis palustris
AG 0.02* 0.03b 1. 40b 3.10* 3.66b 0.13b
BG 0.55 4.10* 0.05 0.71 27.56** 0.22
STEM 0.02 0.24* 2.91 7.22* 1.19* 0.60
TOTHT 1.49 0.04b 2.02 4.63 26.71*b 0.01
MEANHT11.91* 0.76 0.75 0.03 7.98* 0.28
Pemicum hemitomon
AG 1.79 0.01 0.43b 4.42 0.04 0.01b
BG 1.72 0.00* 0.17 0.10 6.70** 0.04
STEM 1.55 0.01e 0.02 1.14 0.57* 0.10
TOTHT 6.55* 0.00b 0.00b 4.36 1.43b 1.70b
MEANHT 2.92 0.00 0. 26b 5.53* 0.35 2 . 47b
Sacfittaria lancifolia
AG 3.76 1.76 0.69 12.20* 6.55* 0.22
BG 5.91* 0.08* 0.70 3.11 10.38** 0.19
STEM 2.05 5.22 0.13 27.50* 5.66* 0.52
TOTHT 2.47 0.85 0.99 31.13* 0.74 0.33
MEANHT 3.53 0.03 0.98b 33.46* 4.01 17 . 36*b
Scirpus americanus
AG — d 0.08 0.03 4.00 0.21 0.62
BG —  0.95 3.56 0.26 1.21 0.92
STEM —  2.71 1.35 0.90 1.53 0.25
TOTHT —  0.38 1.28 3.14 1.64 0.56
MEANHT-- 1.94 0. 03b 1.66 0.00 0. 92b
* Significant at P < 0.05.
* Analysis of inverse (X) transformed data.
b Analysis of log (X+i) transformed data.
c Analysis of square root (X) transformed data.
d Accidental death; insufficient samples for analyses.
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indicated a trend of increasing difference in aboveground 
biomass between the control (treatment l) and salinity 
treatments as exposure duration increased (Fig. 3.4); the 
apparent exception was Sagittaria, which reached peak 
aboveground standing crop midway through the experiment.
> Total biomass in control treatments for all species 
displayed the expected positive response to increased 
duration up to the point when senescence began (i.e., plant 
biomass increased with age, Fig. 3.5). Increased exposure 
duration within the salinity treatments, however, had 
negative effects of varying magnitudes on total biomass 
(Fig. 3.5). A departure from this general negative 
response within salinity treatments was Scirpus, which was 
not affected by 6 g/L until 3 months exposure. If salinity 
effects are combined over influx rates and expressed as 
percent of control value within each duration, increasing 
suppression of both aboveground and total biomass as 
duration exposure increases is indicated (Table 3.5).
Growth Patterns Over Time
Repeated measures analysis of variance identified a 
significant interaction between time and treatment for all 
dependent growth variables in all species (i.e., response 
over time depended on level of treatment), with the single 
exception of Scirpus mean stem height. Results indicated 
that there were more instances of growth over time being
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Figure 3.4. Aboveground live biomass at harvest by 
treatment and duration of exposure in Eleocharis palustris, 
Panicum hemitomon, Sagittaria lancifolia, and scirpus 
americanus.
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Figure 3.5. Total biomass at harvest by treatment within 
duration of exposure in Eleocharis palustris, Panicum 
hemitomon, Sagittaria landfolia, and Scirpus americanus.
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significantly affected by final salinity rather than by 
influx rate (Table 3.6). In fact, the three variables 
examined changed similarly over time for all species when 
the fast and slow influx rate within 6 g/L are compared; 
Panicum and Scirpus had similar responses in all variables 
over time for influx within 12 g/L (Table 3.6).
Table 3.5. Plant growth response measures in salinity 
treatments (influx rates combined) expressed as percent of 
corresponding control treatment value at 3 durations of 
exposure. Variable abbreviations are: AG=aboveground live 
biomass, TOTBIO** aboveground live plus belowground biomass.
1 month
Vari
2 months 3 months
able 6 g/L 12 g/L 6 g/L 12 g/L 6 g/L 12 g/L
Eleocharis palustris 
AG 65.9 49.6 
TOTBIO 69.8 61.0
43.5
50.8
9.2
16.1
22.5
28.2
8.2
14.8
Pan!cum hemitomon 
AG 85.9 51.4 
TOTBIO 78.6 49.3
42.4
47.3
5.6
9.7
18.5
26.7
0.6
3.6
Sagittaria landfolia 
AG 57.9 23.2 
TOTBIO 65.2 35.2
44.1
66.5
7.3
28.7
29.0
42.7
5.2
24.6
Scirpus americanus 
AG 92.1 53.8 
TOTBIOIOO.1 66.4
88.2
89.1
48.1
52.8
69.4
71.3
29.1
30.5
Patterns of growth response over time differed with 
species examined. Total stem height in Eleocharis was 
reduced by salinity treatment (both 6 and 12 g/L) at about
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Table 3*6. Analysis of variance with repeated measures of 
plant growth response to experimental treatments (see Table 
1) over 3 months. F values are from time*l degree of 
freedom contrasts (see Table 2). Variable abbreviations 
are: STEM=number of stems or leaves (Sagittaria 
landfolia) , TOTHT=total stem/leaf height, MEANHT=mean 
stem/leaf height.
Vari­
F Value*
able 0 vs 12 g/L 6 VS 12 g/L Influx-6 g/L Influx-12 g/L
Eleocharis palustris
STEM 25.89* 0.68 0.40 0.15
TOTHT 32.28* 0.91 0.24 0.07
MEANHT 9.90* 5.66* 0.22 5.11*
Panicum hemitomon
STEM 22.54* 12.91* 1.66 0.38
TOTHT 36.18* 20.13* 1.37 0.93
MEANHT 8.11* 8.73* 1.09 1.88
Sagittaria landfolia
STEM 10.46* 5.33* 0.20 4.28*
TOTHT 34.63* 11.32* 1.23 10.11*
MEANHT 22.32* 9.09* 1.76 1.41
Scirpus americanus
STEM 3.71* 5.83* 0.84 0.97
TOTHT 12.44* 11.03* 1.08 1.03
MEANHT 2.77 1.22 1.21 1.42
* Significant at P < 0.05.
a Huynh-Feldt adjustment to significance level used when 
data did not meet sphericity criterion (Potvin et al. 
1990).
the same time (Fig. 3.6). Both Panicum and Sagittaria, 
however, displayed depression of total stem height earlier 
in the 12 g/L treatments than in the 6 g/L treatments, and 
the treatments remained distinct throughout the experiment 
(Fig. 3.6). Total height of Scirpus responded more 
gradually to salinity stress, with the 6 g/L treatments 
located midway between the control and the 12 g/L 
treatments (Fig. 3.6). Treatment separation of mean stem 
height in Eleocharis occurred later than total height and 
was less distinct (Fig. 3.7). Hean height in Panicum was 
not reduced until 6 weeks, when mortality of 12 g/L 
treatment plants began (Fig. 3.7). Mean height suppression 
of Sagittaria was apparent in the 12 g/L treatments at week 
6, but it is difficult to separate response at 6 g/L from 
the control for this species (Fig 3.7). Mean height of 
Scirpus in salinity treatments was maintained close to 
pretreatment levels while the control exhibited an overall 
increase in height (Fig. 3.7); the 6 g/L treatment plants 
again had a response midway between the 12 g/L and control 
plants. Patterns in stem density over time closely 
mimicked those of total height.
DISCUSSION
Plant Growth
Results of this study add information to previous 
research on salinity tolerance of Panicum hemitomon and
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Figure 3.6. Total stem/leaf height over time in Eleocharis 
palustris, Panicum hemitomon, Sagittaria landfolia, and 
Scirpus americanus.
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Figure 3.7. Mean leaf/stem height over tine in Eleocharis 
palustris, Panicum hemitomon, Sagittaria landfolia, and 
Scirpus americanus.
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Sagittaria landfolia. Panicum had reduced stomatal 
conductance at 5-7 g/L salinity in a 7-day greenhouse study 
using potted plants, and tissue death occurred after only 5 
d exposure to 10-12 g/L salinity (Pezeshki et al. 1987b).
In another study, this species was tolerant of salinity up 
to 9.4 g/L for 1 month growing in a mixed species 
assemblage with natural substrate in greenhouse conditions; 
rapid exposure to 15 g/L in the field, however, led to 
total mortality in a few days (McKee and Mendelssohn 1989). 
In the study presented here, growth of Panicum appeared 
unaffected at 6 g/L for the first 6-8 weeks of exposure. 
While growth reductions began to be apparent about week 8 
at 6 g/L, dramatic adverse reactions to the 12 g/L 
treatments were seen by week 6, leading to the high 
mortality rates observed (i.e., 84% at 3 mo). No 
resprouting of dead stems was noted.
In a greenhouse experiment that included flooding 
stress, Sagittaria had reduced photosynthetic capacity 
after 40 d exposure to 2.9 g/L salinity; biomass effects 
were not described (Pezeshki et al. 1987a). McKee and 
Mendelssohn (1989) found tissue damage in this species 
after 35 d exposure to 4.8 g/L in the greenhouse, and 
complete mortality when plants were exposed to a rapid 
increase to 15 g/L in the field. In our study, Sagittaria, 
while exhibiting tissue damage 8 days into the experiment 
in the 12 g/L-3 d influx treatment, was often able to
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replace damaged leaves. Leaf tissue necrosis was also 
apparent in 6 g/L treatments after 4 weeks, but complete 
death of aboveground tissue occurred only in the 12 g/L 
treatments; mortality rates were relatively low at 17% 
after 2 months exposure with a higher rate of 33% after 3 
months. The ability of this species to form new leaves 
using rhizome nutrient reserves would not be apparent in 
experiments lasting just a few days or weeks. The rapid 
expression of visual stress indicators in Sagittaria and 
the delayed response of Panicum (i.e., negative growth 
response was not expressed until stress exposure exceeding 
4 weeks) would facilitate the conclusion reached by McKee 
and Mendelssohn (1989) of lower salt tolerance in 
Sagittaria compared to Panicum. Their study was conducted 
over 35 days.
Although all species responded negatively to increased 
final salinity level to varying degrees, the effect of 
influx rate within a given salinity was less universal. 
Observed species differences in response to influx rate may 
be related to morphology. While succulence in halophytes 
is recognized as an adaptation that functions to dilute 
tissue ion content, this does not hold true for 
glycophytes. Leaves of Sagittaria are somewhat fleshy, and 
this species had the highest water content of those studied 
(ratio of dry to fresh biomass [mean ± 1 SE, n=10]: 
Eleocharis, 0.1778 ± 0.0094; Panicum, 0.2509 ± 0.0096;
Sagittaria, 0.1234 ± 0.0101; and Scirpus, 0.1354 ± 0.0124). 
It may be expected, therefore, that Sagittaria would show 
signs of osmotic stress more readily than the relatively 
more fibrous leaf tissue of the grass and sedge species. 
Sagittaria indeed did exhibit the widest range of response 
to influx rate. Responses, however, were mostly short­
term, with differences because of influx rate disappearing 
at longer exposures of 2 and 3 months duration. The 
individuals subjected to the slow influx rate appeared to 
be suppressed to the same degree as those in the fast 
influx rate as exposure time increased.
Phenological patterns in peak standing crop may also 
have influenced growth responses of species to the salinity 
stressors. In treatment 1 (control plants), maximum total 
leaf height was reached for Sagittaria about 6 weeks into 
the experiment, and maximum stem height at 10 weeks for 
Panicum; Eleocharis and Scirpus had not yet reached the 
senescence phase of the typical growth curve (Fig. 3.6).
The adverse effects of the stressors may have been 
magnified as plants approached the senescent phase of their 
annual growth cycle.
The effect of exposure duration was difficult to 
quantify in this experiment since it reflects increasing 
plant age; in the control treatment, plants accumulated 
biomass until the onset of seasonal senescence. All 
species, however, displayed trends of increasing
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differences between biomass of control plants and plants 
subjected to raised salinity levels as exposure time 
increased. Eleocharis and Scirpus either continued to 
acquire biomass in salinity treatments at a reduced rate, 
or simply maintained biomass over time (Fiqs. 3.4, 3.5).
In contrast, biomass of Panicum and Sagittaria was reduced 
as exposure time was increased, to a greater extent in the 
12 g/L treatments compared to the 6 g/L treatments.
Similar results were found for the freshwater marsh species 
Justicia lanceolata; growth of this species continued for 6 
months at salinity levels of 0 and 3 g/L but was eliminated 
after 9 weeks exposure to 6 g/L (Llewellyn and Shaffer
1993).
Although data on causative factors for growth 
reduction due to salinity pulses were not collected, 
Sagittaria growth patterns are consistent with a biphasic 
model of plant response to salinity proposed by Munns and 
Termaat (1986). In the first phase of this model, leaf 
expansion over the short term (days) is regulated by 
hormones or growth regulators produced in roots and 
translocated to shoots. In the second phase, leaf 
expansion over the long term (weeks to months) is related 
to the plant's ability to tolerate high salt concentrations 
in mature leaves and the rate new leaves are produced; as 
older leaves start to die, the photosynthetic area of the 
plant will eventually decline to a low level where
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carbohydrate production cannot support continued growth 
(Munns and Termaat 1986). In the present study, Sagittaria 
in the 12 g/L treatments moved through a sequence of leaf 
mortality, leaf regeneration, and eventual plant death.
Data that could provide evidence of the first phase of the 
Munns and Termaat (1986) model, which involves an 
inhibitory signal from the roots, were not collected. The 
second ion-dominated phase, however, was apparent in the 
visible injury, or "salt burning,H that first occurred in 
the older leaves of Sagittaria, Leaf death in such cases 
is caused by a rapid rise in salt concentrations in cell 
walls or cytoplasm when the vacuoles can no longer 
compartmentalize the salts (Munns 1993). The biphasic 
model (Munns and Termaat 1986) hypothesizes that the effect 
on new leaf expansion will occur during the second phase, 
when the rate of leaf death approaches the rate of new leaf 
production. New leaves produced by Sagittaria after more 
than 2 months exposure to salinity stress survived only a 
few days, and eventually the plants failed to produce any 
new leaves at all.
Relative Salinity Tolerance
Panicum was the least tolerant of the four herbaceous 
marsh species to the experimental salinity pulses based on 
the extent of aboveground tissue necrosis. Sagittaria did 
exhibit visual signs of stress before Panicum, but it 
experienced a lower mortality rate, and, in contrast to
Panicum, was able to produce new leaves to replace damaged 
ones for a period of time. No death of Eleocharis or 
Scirpus resulted from experimental conditions, but 
differences in relative tolerance can be identified.
Scirpus overall displayed few significant responses to 
salinity pulses, and where significant growth suppression 
did occur, the magnitude of the decrease in salinity 
treatments compared to the control was less than that of 
Eleocharis. The relative tolerance of the species to 
experimental conditions of salinity pulses, in order from 
least to most tolerant, was therefore Panicum hemitomon < 
Sagittaria landfolia < Eleocharis palustris < Scirpus 
americanus. This corresponds to their distribution along a 
salinity gradient in coastal marshes of the northern Gulf 
of Mexico. Panicum hemitomon, which is restricted to the 
upper, near-freshwater end of the continuum, grades into 
mixed communities of sagittaria landfolia and Eleocharis 
palustris as salinity increases. Scirpus americanus is 
most common at the lower end of the oligohaline marsh zone 
and extends into brackish marshes.
Conclusion
The variation in salinity tolerance displayed by the 
four species has implications for plant community dynamics 
in northern Gulf of Mexico marshes. Relative sea-level 
rise has been estimated at 2.4 ± 0.90 mm/yr globally 
(Peltier and Tushingham 1989), but in much of Louisiana
74
high rates of subsidence contribute to an increase in the 
rate of relative sea-level rise to about 1 cm/yr (Penland 
and Ramsey 1990). Because diverse plant communities 
persist in tidally influenced oligohaline marshes, the 
species are necessarily adapted to temporally changing 
salinity regimes. Under a scenario of increasing rate of 
sea-level rise, however, it is likely that hydrologic 
regimes in oligohaline marshes will become more extreme 
(i.e., higher maximum salinities, more rapid rates of 
salinity increase, longer periods of anoxia due to 
flooding). For example, as sea level increases marshes 
will become more susceptible to impacts from salinity 
pulses associated with storm events and hurricanes. Our 
results indicate that a sensitive species such as Panicum 
may succumb to the stress, allowing expansion of more 
tolerant species present or opening the site to 
colonization by other species. Community response would 
depend on biotic factors such as interspecific competitive 
relationships, composition of standing vegetation, and 
composition of the available seed bank, and on the 
characteristics of the salinity pulse event itself. This 
experiment described short-term growth responses to 
salinity stress in plants harvested immediately following 
stress treatments. The ability of plants to recover after 
stress is alleviated is an equally important consideration
when investigating salinity pulse effects. The capability 
of these four marsh macrophytes for recovery is addressed 
in Chapter 4.
CHAPTER 4
SALINITY PULSES AS CONSTRAINTS ON GROWTH OP 
COMMON OLIGOHALINE MARSH PLANTS 
OP THE NORTHERN GULP OP MEXICO 
II. ABILITY TO RECOVER IN PRE8HWATER CONDITIONS
INTRODUCTION
Gradients in salinity, which are ubiquitous features 
of wetland habitats along the northern Gulf of Mexico 
coast, have been identified along with flooding depth as 
major influences on plant zonation in coastal marshes 
(Mitsch and Gosselink 1986, Odum 1988, Earle and Kershaw 
1989). Geological processes involved in the formation of 
the Louisiana gulf coast (Byrne et al. 1959, Coleman and 
Gagliano 1964, Penland and Suter 1989) have facilitated the 
development of extensive marsh areas (9.7 x 10s ha, Field 
et al. 1991). These marshes are characterized by very low 
elevation, and salinity gradients within them can be easily 
affected by hydrologic changes.
Natural phenomena that can lead to temporary salinity 
increases followed by freshwater flushing in coastal 
marshes include strong frontal passages and hurricanes. 
Jackson et al. (1995) had automated data loggers deployed 
in a southeast Louisiana oligohaline marsh located about 38 
km from the path of Hurricane Andrew in 1992. They found a
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1.5 m storm surge and a surface water salinity increase 
from 0.5-1 g/L to 10-15 g/L over a 4-hr period during the 
storm, and measured a residual salt wedge in soil water 55 
days after the hurricane. The passage of Hurricane Andrew 
through south Florida, however, did not create a storm 
surge in the interior Everglades and consequently had 
little effect on water quality (Roman et al. 1994). Other 
researchers documenting ephemeral salinity changes 
associated with hurricanes include Meeder (1987), who noted 
salinity elevation in one Louisiana bayou system from a 
mean of 4 g/L to a maximum of 14 g/L, and Alexander (1967), 
who measured an increase in soil chloride from 2.9 g/L to 
19.3 g/L three weeks following a hurricane in Florida.
Field observations on the effects of temporary 
salinity changes associated with hurricane passage on plant 
communities indicate that species composition may be 
altered (Alexander 1976, Valentine 1977). Although the 
impact of increased salinity on wetland plant growth and 
distribution has been described in many studies (e.g., 
Haller et al. 1974, Cooper 1982, DeLaune et al. 1987, 
Pezeshki et al. 1987a and 1987b, Matoh et al. 1988, McKee 
and Mendelssohn 1989, Hhigham et al. 1989, Zedler et al. 
1990, Blits and Gallagher 1991, Bertness et al. 1992,
Marcum and Murdoch 1992, Bandyopadhyay et al. 1993), 
relatively few controlled experiments have focused on plant 
recovery after salinity stress. Grace and Ford (1995)
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devised a field experiment to examine the effects of 
temporary saltwater intrusion, flooding, and simulated 
herbivory on Sagittaria landfolia, an oligohaline marsh 
perennial. Following one week exposure to elevated 
salinity, plants were returned to ambient conditions and 
allowed an 8-month recovery period; the authors concluded 
that S. landfolia has a substantial capacity for recovery 
(Grace and Ford 1995). In a greenhouse study, Flynn et al. 
(1995) increased salinity to cause a complete dieback of 
aboveground tissue in freshwater marsh mesocosms and then 
manipulated salinity and water depth over a 10-month 
recovery period. They found that several species exhibited 
some ability to recover, and that the effect of elevated 
salinity became more pronounced under flooded as opposed to 
drained conditions during the recovery phase. Very short­
term salinity increases were used in another greenhouse 
study to simulate storm surges; the freshwater perennial 
herb Juatida lanceolata recovered fully when flushed with 
freshwater after up to 72 hrs exposure to salinity as high 
as 15 g/L (Llewellyn and Shaffer 1993). The salt marsh 
species Spartina alterniflora responded to transient (5 d) 
fluctuations in salinity in a growth chamber study by 
reducing leaf water vapor conductance, leading to reduced 
photosynthesis; the response was reversed when salinity 
values were returned to original levels (Hwang and Morris 
1994).
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These studies have demonstrated that plants can 
recover from temporary salinity stress under certain 
conditions. Questions remain, however, concerning the 
effect of variations in the components of a salinity stress 
event, such as intensity and duration, on plant recovery 
and/or survival. In Chapter 3, the growth responses of 
four common oligohaline marsh species to short-term 
salinity increases were described. This chapter will focus 
on the ability of these species to recover (i.e., attain 
growth equivalent to that of unstressed plants} during a 
single growing season after exposure to pulses of increased 
salinity. The objective of this study is to quantify the 
influence of final salinity level, rate of salinity 
increase, and duration of salinity exposure on plant 
recovery.
METHODS
Plant Material, Design, and Data Collection
This experiment was carried out concurrently with the 
experiment described in Chapter 3. To summarize, specimens 
of Eleocharis palustris (synonymous with E. macrostachya; 
Kartesz 1994), Panicum hemitomon, Sagittaria landfolia, 
and Scirpus americanus (synonymous with S. olneyi; Kartesz
1994) were collected in April 1990 from low salinity (< 2 
g/L) emergent marshes in coastal southeastern Louisiana. 
Plants were transported to a greenhouse facility at
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Louisiana State University in Baton Rouge (30°30' N, 91°15* 
W), potted, and allowed to acclimate to the greenhouse for 
6 weeks in fiberglass tanks (625-L) filled to pot-surface 
level with tapwater. Plants of similar size within each 
species were then selected, washed to remove soil from the 
roots, weighed, and re-potted singly in plastic containers 
(15 x 15 cm) filled with a commercial soil mixture (2 parts 
Jiffy Mix Plus and 1 part Mississippi River silt). 
Treatments were initiated after an additional 9-11 day 
acclimation period, in June 1990.
Initial conditions for the experiment were 0 g/L 
salinity and water depth 1 cm above the soil surface. The 
five treatments, which were maintained for l, 2, and 3 
months, were 1) control (0 g/L), 2) final salinity of 6 g/L 
reached in 3 weeks, 3) final salinity of 6 g/L reached in 3 
days, 4) final salinity of 12 g/L reached in 3 weeks, and 
5) final salinity of 12 g/L reached in 3 days. Forty 
Fathoms Marine Mix (Marine Enterprises International, Inc., 
Baltimore, Maryland), was used as the salinity source, and 
water depth in all treatments was maintained 1 cm above the 
sediment surface. The split-plot design was considered 
blocked on the whole plot (treatment) with a randomized 
subplot (duration of exposure) (Fig. 3.1). Two pots of 
each species were removed from the treatments at the end of 
the designated exposure period. Results obtained from the 
immediately-harvested pot of each pair were discussed in
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Chapter 3. The second pot was moved to a recovery tank 
with initial conditions (i.e., 0 g/L, l cm depth); the 
control plants were placed in separate recovery tanks to 
avoid exposure to leached salt. Plants were maintained in 
recovery conditions until harvest, 120 days after the 
experiment was initiated.
Tank water salinity and depth were monitored daily and 
adjusted as necessary until conditions became stable; tanks 
were thereafter monitored every other day. Recovery in 
this experiment is defined as the ability of plants to 
attain condition similar to that of control plants, stem 
(or leaf, for Sagittaria landfolia) density, total 
stem/leaf height, and mean stem/leaf height were measured 
every 2 weeks; any mortality, defined as complete death of 
aboveground tissue, was noted. Relative stem elongation 
was obtained at 4 week intervals by measuring total height 
of a stem marked with a non-toxic silicone sealant (General 
Electric RTV 162) and remeasuring the stem a few days 
later. This measure of relative growth rate (RGR) was 
calculated as (adapted from Hunt 1990):
RGR - (In H2 - In H,)/(tj - tj) 
where H refers to total height, t to time, and the 
subscript to specific measurement times. Harvested plants 
were divided into aboveground and belowground portions, and 
aboveground material was separated into live and dead.
Young leaf tissue was further separated from the live
portion, washed in deionized water, dried to a constant 
weight, ground, digested in acid, and analyzed for total C 
and N content using a CHN analyzer and total P using a 
colorimetric automated analyzer. It was not possible to 
distinguish live from dead in the belowground material, so 
reported values for this component include both. Plant 
tissue was dried at 75° C to a constant weight for biomass 
determination.
Statistical Analysis
Data were analyzed separately by species. All 
analyses were performed using SAS/STAT software (SAS 
Institute, Inc. 1991). The initial model included 
treatment and duration as main effects. Dependent 
variables for a series of univariate analyses of variance 
(ANOVA) were total biomass, aboveground live biomass, 
belowground biomass, ratio belowground to aboveground 
biomass, final (i.e., at time of harvest) stem/leaf 
density, final total stem/leaf height, final mean stem/leaf 
height, and tissue C, N, and P. Initial dry biomass was 
included as a covariate for total, aboveground and 
belowground biomass analyses, and initial measurements of 
stem density, total stem height, and mean stem height were 
used as covariates with their corresponding response 
measures. The interaction between treatment and covariate 
was tested, and analysis of covariance proceeded in cases 
of non-significance. The error term for treatment was
block*treatment, and interactions between main effects were 
tested. A priori linear contrasts (Table 4.1) were used to 
determine effects of final salinity level, influx rate, and 
duration of exposure.
Table 4.1. A priori linear contrasts used in analysis of 
variance.
Contrast Factor Description
1 Treatment 1 vs 4,5 Control vs 12 g/L
2 Treatment 2,3 vs 4,5 6 g/L vs 12 g/L
3 Treatment 2 vs 3 Influx within 6 g/L
4 Treatment 4 vs 5 Influx within 12 g/L
5 Duration 1 vs 3 1 month vs 3 months
6 Duration 2 vs 3 2 months vs 3 months
Repeated measures analysis of variance (ANOVAR) was 
performed on relative growth rate and stem data within each 
exposure duration. For relative growth rate, the greater 
number of repeated measures (4) compared to observations 
(3) precluded use of multivariate ANOVAR procedures (Hoser 
et al. 1990, Potvin et al. 1990). The Huynh-Feldt 
corrected significance level was used in the univariate 
ANOVAR when the criterion of sphericity of orthogonal 
components could not be met (Potvin et al. 1990). For stem 
count and height data, the number of observations (3) was 
much less than the number of repeated measures (9), 
generating insufficient degrees of freedom to test for 
sphericity in the univariate approach. Therefore, very
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conservative significance values for generated F values 
were calculated using Box's correction (Milliken and 
Johnson 1984). Both ANOVA AND ANOVAR models were assumed 
to be robust for the normality assumption since all model 
factors were fixed (Montgomery 1991). Data were 
transformed when residual plots indicated failure to meet 
the assumption of variance homogeneity. A significance 
level of 0.05 was used for all tests.
RESULTS
Plant Mortality
Some plants were not able to resume growth during the 
120 day experimental period after freshwater conditions 
were restored. Aboveground tissue mortality for all 
treatments and durations combined was 17.8%r 6.7%, 2.2%, 
and 0% for Panicum, Sagittaria, Eleocharis, and Scirpus, 
respectively (n«45). Mortality by treatment (all durations 
combined) is listed in Table 4.2 (n*»9) . The death of one 
Eleocharis plant during the first month in the control 
treatment was considered accidental and treated as missing 
during all analyses. Within treatment 5, there was 100% 
and 67% mortality in Panicum and Sagitteuria, respectively, 
at 3 months exposure. Indicated Panicum mortality in both 
treatments 4 and 3 occurred after 3 months exposure. 
Salinity Level
Treatment, which is composed partly of final salinity 
level, had a significant effect on several plant response
measures (Table 4.3). Total biomass was generally reduced 
by increased salinity in all species except Scirpus, which 
appeared to be stimulated by 6 mg/L salinity (Fig. 4.1). 
When a main effect interaction (treatment x duration) was 
absent, contrasts were used to quantify response to 
salinity level (Table 4.1, contrasts 1 and 2). Biomass 
reduction with increased salinity was found in Eleocharis 
(belowground), Panicum (total and belowground), and 
Sagittaria (aboveground) (Fig. 4.2). In contrast, Scirpus 
total and belowground biomass were increased in the 6 g/L 
treatments combined compared to 12 g/L, as was the ratio of 
belowground to total biomass (Fig. 4.2). Final (i.e., at 
harvest) stem characteristics of Eleocharis and Panicum 
(Fig. 4.3) displayed reductions similar to those in biomass 
at increased salinity levels. However, no significant 
salinity effects on final stem density or height were found 
in Sagittaria and Scirpus.
Table 4.2. Aboveground tissue mortality by treatment.
Species Treatment Mortality (%)
Eleocharis palustris l 11.1
Panicum hemitomon 3 11.1
4 22.2
5 55.6
Sagittaria landfolia 5 33.3
Table 4.3. Analysis of variance of plant growth response to salinity pulses of 
various durations. Sources are Blk*=block, Covar=covariate, Trt=treatment, 
Dur*duration of exposure (1, 2, or 3 months). Abbreviations are:
TOTBIO*aboveground live plus belowground biomass, AG=aboveground live biomass, 
BG=belowground biomass, BG:TOTBIO=ratio of belowground to total biomass, STEM=number 
of stems or leaves (Sagittaria landfolia), TOTHT=total stem/leaf height,
MEANHT*mean stem/leaf height.
F Value
Source DF TOTBIO AG BG BG: TOTBIO STEM TOTHT MEANHT
Eleocharis palustris
Blk 2 0.61* 1.08* 0.08* 0.85 0.79b 3.76* 1.25
Covar 1 8.47* 9.51*
Trt 4 63.90* 68.54* 33.54* 0.46 13.50* 19.75* 3.80*
Blk*Trt 8 0.43 0.51 0.48 2.01 1.78 2.40 1.15
Dur 2 14.60* 16.43* 9.81* 2.61 15.90* 34.90* 6.64*
Trt*Dur 8 2.74* 2.90* 2.07 1.13 2.37 6.33* 1.48
Error 18(19)c
Panicum hemitomon
Blk 2 0.87* 1.67 1.07* 1.91 1.23b 2.43 2.37
Covar 1
Trt 4 26.84* 12.38* 28.43* 4.92* 5.35* 8.48* 23.50*
Blk*Trt 8 1.61 4.40* 1.36 2.25 2.57* 2.55* 1.19
Dur 2 23.80* 25.33* 18.14* 26.78* 29.36* 27.12* 16.46*
Trt*Dur 8 2.11 3.44* 1.50 4.30* 1.27 1.68 2.75*
Error 19(20)c
(table con'd)
00Ot
F Value
Source DF TOTBIO AG BG BG:TOTBIO STEM TOTHT MEANHT
Sagittaria lancifolia
Blk 2 4.23*
Covar 1 12.28*
Trt 4 38.26*
Blk*Trt 8 1.87
Dur 2 1.57
Trt*Dur 8 3.62*
Error 19(20J c
Scirpus americanus
Blk 2 0.23*
Covar 1
Trt 4 5.32*
Blk*Trt 8 1.45
Dur 2 6.79*
Trt*Dur 8 1.52
Error 19(20)c
2.53 2.62 0.91
9.32*
2.67 50.25* 3.87*
1.88 1.29 0.91
2.22 2.99 3.84*
1.4 2.92* 0.50
0.22 0.29* 0.33
4.91*
2.30 6.58* 8.04*
2.09 1.19 0.76
6.76* 6.35* 3.03
1.12 1.45 1.07
0.39b 0.79 0.46
3.19 2.04 2.30
1.58 2.03 1.03
0.83 3.18 1.33
3.17* 2:72* 0.95
0.79b 0.23 2.68
2.35 2.12 1.45
1.94 1.79 0.83
3.69* 2.85 0.33
1.57 1.79 1.08
* Significant at P < 0.05.
* Analysis of log (X+l) transformed data.
b Analysis of square root (X) transformed data. 
e Error degrees of freedom for analysis without covariate in parentheses.
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Figure 4.1. Mean total biomass by treatment and duration 
for Eleocharis palustris, Panicum hemitomon, Sagittaria 
lancifolia, and Scirpus americanus.
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Figure 4.2. Mean total, aboveground, and belowground 
biomass, and ratio belowground to total biomass by final 
salinity level (analyses with no interaction between 
treatment and duration) for Eleocharis palustris (Eleo), 
Panicum hemitomon (Pan), Sagittaria lancifolia (Sag), and 
Scirpus americanus (Scir). a=significant difference 
between control and 12 g/L; b=significant difference 
between 6 g/L and 12 g/L; n=9 for 0 g/L {n=8 for 
Eleocharis), n« 18 for 6 and 12 g/L.
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Figure 4.3. Mean stem density per pot, total height, and 
mean height by final salinity level (analyses with no 
interaction between treatment and duration) for Eleocheuris 
palustris (Eleo), Panicum hamitomon (Pan), Sagittaria 
lancifolia (Sag), and scirpus aaaricanus (Scir). 
a=significant difference between control and 12 g/L; 
b=significant difference between 6 g/L and 12 g/L; n=9 for 
0 g/L (n»8 for Eleocharis), n- 18 for 6 and 12 g/L.
Panicum leaf tissue chemical status could not be 
analyzed due to high mortality in the 12 g/L treatment 
(i.e., contrasts were not estimable). Total nitrogen was 
the only chemical measured that varied significantly with 
salinity (Table 4.4); nitrogen was higher in the 12 g/L 
treatment compared to the 0 g/L and 6 g/L treatments for 
both Eleocharis and Sagittaria (Fig. 4.4).
Salinity Influx Rate
Relatively few significant differences in response to 
salinity influx rate were found in analyses with a 
nonsignificant main effect interaction (Table 4.3). 
Eleocharis had reduced belowground biomass in the 3 day 
compared to 3 week influx within both 6 g/L (2.09 ± 0.44 
vs. 3.68 + 0.71 g; mean ± 1 SE, n-9) and 12 g/L (0.88 +
0.34 vs. 1.97 + 0.54 g; mean + 1 SE, n=9). Stem density in 
this species was also reduced at the rapid influx rate at 
both final salinities (24.22 ± 4.55 vs. 45.67 ± 6.04 at 6 
g/L; mean + 1 SE, n-9; and 14.67 ± 3.51 vs. 31.11 ± 6.01 at 
12 g/L; mean ± 1 SE, n*9). Panicum belowground biomass was 
significantly decreased in the fast compared to slow influx 
rate at both 6 g/L (8.28 + 2.09 vs. 16.14 ± 4.04 g; mean ±
1 SE, n*9) and 12 g/L (1.39 ± 0.55 vs. 4.82 ± 1.34 g; mean 
+ 1 SE, n*9). Total biomass was reduced in this species by 
a rapid influx rate only at 12 g/L (2.71 ± 1.53 vs. 9.01 ± 
2.99 g; mean ± 1 SE, n»9). The only significant response
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Table 4.4. Analysis of variance of plant tissue nutrient 
response to salinity pulses of various durations. Sources 
are Blk-block, Covar-covariate, Trt-treatment, Dur-duration 
of exposure (1, 2, or 3 months). Abbreviations are:
TC—total Carbon, TN=total Nitrogen, TP-total Phosphorus.
F Value
Source DF TC TN TP
Eleocharis palustris
Blk 2 23.15* 2.88* 1.18
Trt 4 0.77 19.68* 0.76
Blk*Trt 8 1.47 0.49 1.94
Dur 2 5.55* 19.14* 6. 69*
Trt*Dur 8 1.03 2.44 1.95
Error 19b
Sagittaria lancifolia
Blk 2 1.64 1.11* 0.21
Trt 4 3.02 24.54* 2.03
Blk*Trt 8 0.62 0.84 0.71
Dur 2 0.04 6.44* 1.86
Trt*Dur 8 0.95 2.16 0.94
Error 17
Scirpus americanus
Blk 2 6.94 0.53 2.88
Trt 4 1.23 1.18 0.97
Blk*Trt 8 1.83 0.60 0.49
Dur 2 4.35* 3.64* 2.98
Trt*Dur 8 0.77 1.11 0.64
Error 20
* Significant at P < 0.05
* Analysis of log (X+l) transformed data.
b Error df with outliers deleted are 17 for TC, 18 for
TP.
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Figure 4.4. Mean leaf tissue chemical concentrations by 
final salinity level (analyses with no interaction between 
treatment and duration) for Eleocharis palustris, 
Sagittaria lancifolia, and Scirpus americanus. 
a^significant difference between control and 12 g/L; 
b»significant difference between 6 g/L and 12 g/L.
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displayed by Sagittaria was an increased belowground to 
total biomass ratio within 12 g/L in the rapid compared to 
slow influx (0.86 + 0.04 vs. 0.76 ± 0.03; mean + l SE, 
n=9). Scirpus biomass and stem characteristics were not 
affected by salinity influx rate; likewise, leaf total C,
N, and P were not affected by influx rate in any species. 
Duration of Salinity Exposure
All species except Sagittaria showed some reduction of 
biomass (Fig. 4.5) or stem characteristics (Fig. 4.6) with 
increased length of stress duration in analyses lacking 
interaction between main effects. These negative responses 
occurred primarily in the 3 months duration compared to 1 
month.
Exposure duration affected chemical status to some 
extent in the three species analyzed (Table 4.4). Total C 
(Eleocharis, Scirpus) and P (Eleocharis) were decreased by 
longer duration while total N increased in all species 
(Fig. 4.7).
Interaction Between Treatment and Duration
The interaction between treatment (composed of final 
salinity level and influx rate) and exposure duration 
precluded the use of contrasts to identify individual 
salinity pulse component effects in some analyses. Graphic 
representation of the interaction, however, provides 
information on general effects. Reduction in total biomass 
of Eleocharis and Sagittaria was apparent in treatments
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Figure 4.5. Mean total, aboveground, belowground, and 
ratio belowground to total biomass by exposure duration 
(analyses with no interaction between treatment and 
duration) for Eleocharis palustris (Eleo), Panicum 
hemitomon (Pan), Sagittaria lancifolia (Sag), and Scirpus 
americanus (Scir). a»significant difference between l and 
3 mo; b=significant difference between 2 and 3 mo; n=15 
(n=14 for Eleocharis at duration«2 mo).
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Figure 4.6. Mean stem density per pot, total height, and 
mean height by exposure duration (analyses with no 
interaction between treatment and duration) for Eleocharis 
palustris (Eleo), Panicum hemitoaon (Pan), Sagittaria 
lancifolia (Sag), and Scirpus americanus (Scir). 
a=significant difference between 1 and 3 mo; b*significant 
difference between 2 and 3 mo; n«15 (n=14 for Eleocharis at 
durations mo) .
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Figure 4.7. Mean leaf tissue chemical concentrations by 
exposure duration for Eleocharis palustris, Sagittaria 
lancifolia, and Scirpus americanus. a=significant 
difference between control and 12 g/L; b=significant 
difference between 6 g/L and 12 g/L.
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with increased salinity only at exposures lasting longer 
than 1 month (Fig. 4.8a); influx rate did not affect total 
biomass in either species. Sagittaria stem density was 
lowered in the fast influx to 12 g/L (treatment 5) salinity 
only at 3 months duration. Panicum mean stem height was 
reduced by increased salinity at both 6 g/L and 12 g/L, but 
only at exposure durations exceeding 1 month (Fig. 4.8b). 
Recovery Patterns Over Time
Repeated measures analysis of variance was carried out 
separately for each of the three exposure durations. 
Analyses indicated that growth response over time often 
differed significantly between the 0 g/L treatment and the 
12 g/L treatments in all species (Table 4.5). Relatively 
fewer significant differences in growth over time were 
found between the 6 g/L and 12 g/L treatments (Table 4.5). 
Influx rate seldom altered growth in any of the four 
species, within either 6 g/L or 12 g/L (Table 4.5). Total 
stem height change over time by treatment for each exposure 
duration is illustrated in Fig. 4.9; similar patterns in 
stem density over time were apparent within a species. 
Relative growth rate changes over time are illustrated in 
Fig. 4.10.
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Tigure 4.8. Interaction of treatment and exposure duration 
in a) total biomass of Eleocharis palustris (Eleo) and 
Sagittaria lancifolia (Sag), and b) stem density of 
Sagittaria lancifolia (Sag) and mean stem height of Panicum 
hemitomon (Pan).
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Table 4.5. Analysis of variance with repeated measures of 
plant growth response to experimental treatments over 1, 2, 
and 3 months. F values are from time*contrasts, as listed 
in Table 4.1. Abbreviations are: mo-month, STEK=number of 
stems or leaves (Sagittaria lancifolia), TOTHT=tota1 
stem/leaf height, MEANHT*mean stem/leaf height,
RGR=relative growth rate of a selected stem/leaf.
F Value
Vari­
able 0 vs 12 g/L 6 vs 12 g/L Influx-6 g/L Influx-12 g/L
Elaocharis palustris 
STEM
1 mo 2.69 1.73 2.08 2.59
2 mo 47.47* 1.84 9.63* 4.48
3 mo 42.08* 5.85* 0.41 0.06
TOTHT
1 mo 3.91 1.44 1.44 2.75
2 mo 71.95* 2.75 9.45* 3.38
3 mo 47.18* 4.86 0.33 0.02
MEANHT
1 mo 4.91 2.80 3.71 2.08
2 mo 7.27* 2.02 4.09 1.97
3 mo 15.39* 4.56 3.18 1.71
RGR
1 mo 7.60* 1.87 0.78 1.21
2 mo 3.21* 0.41 4.34* 1.21
3 mo 2.99 0.54 2.54 0.10
Panicum hemitomon 
STEM
1 mo 2.48 2.35 0.48 0.08
2 mo 18.67* 20.56* 0.37 0.19
3 mo 19.49* 17.16* 2.96 0.51
TOTHT
1 mo 3.49 3.07 0.55 1.20
2 mo 35.52* 15.93* 0.48 0.60
3 mo 50.79* 21.10* 3.37 1.08
MEANHT
1 mo 1.71 1.02 1.71 1.35
2 mo 7.61* 3.80 0.16 3.18
3 mo 11.63* 4.31 0.81 1.59
RGR*
1 mo 0.90 0.21 0.90 0.98
2 mo 7.12* 5.96* 0.14 7.21*
(table con'd)
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F Value
Vari­
able 0 vs 12 g/L 6 VS 12 g/L Influx-6 g/L Influx-12 g/:
Sagittaria lancifolia
STEM
1 mo 3.39 1.69 0.72 1.75
2 mo 8.31* 3.82 1.97 3.33
3 mo 4.38 2.72 0.64 4.77
TOTHT
1 mo 10.94* 5.62* 3.04 4.34
2 mo 26.98* 11.23* 2.33 6.86*
3 mo 32.92* 9.13* 1.32 5.63*
MEANHT
1 mo 5.67* 5.86* 1.92 3.72
2 mo 26.05* 11.11* 3.68 5.53*
3 mo 24.23* 7.21* 1.85 2.90
RGR
1 mo 6.69* 0.35 0.31 1.84
2 mo 3.23* 3.63* 1.50 2.17
3 mo 1.49 1.83 0.41 1.51
scirpus americanus
STEM
1 mo 2.00 0.82 0.57 1.13
2 mo 2.18 4.78 0.76 0.32
3 mo 1.22 1.83 0.45 1.49
TOTHT
1 mo 0.67 0.79 0.74 0.70
2 mo 3.93 8.74* 1.13 0.40
3 mo 1.31 2.84 0.49 0.68
MEANHT
1 mo 1.62 1.85 1.18 0.54
2 mo 7.16* 3.33 0.48 1.60
3 mo 3.16 2.15 0.88 1.28
RGR
1 mo 0.16 1.04 1.85 1.35
2 mo 1.24 1.64 1.35 0.83
3 mo 3.10* 1.30 1.89 0.20
* Significant at P < 0.05.
* Contrasts at 3 months not estimable due to missing
values.
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Figure 4.9. Repeated measures of total stem height by 
treatment and week of experiment for Eleocharis palustris, 
Panicurn hemitomon, Sagittaria lancifolia, and Scirpus 
americanus at a) 1 mo exposure duration, b) 2 mo exposure 
duration, and c) 3 mo exposure duration. The asterisks 
indicate the point in time during the experiment when pots 
were removed from the treatments (after measurement) and 
placed into recovery tanks.
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Figure 4.10. Repeated measures of relative stem/leaf 
growth rate by treatment and week of experiment for 
Eleocharis palustris, Panicum hemitomon, Sagittaria 
lancifolia, and Scirpus americanus at a) 1 mo exposure 
duration, b) 2 mo exposure duration, and c) 3 mo exposure 
duration. The asterisks indicate the point in time during 
the experiment when pots were removed from the treatments 
(after measurement) and placed into recovery tanks.
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DISCUSSION
Species Comparisons
It was concluded in Chapter 3 that the four marsh 
macrophytes varied in tolerance to short-term pulses of 
increased salinity; Panicum was the least tolerantfollowed, 
in order of increasing tolerance, by Sagittaria,
Eleocharis, and Scirpus. Aboveground tissue mortality data 
presented herein supports the position of both Panicum and 
Sagittaria in this stress-tolerance ranking. The position 
of the remaining two species in the ranking is supported by 
data indicating that growth was suppressed in Eleocharis 
but not in Scirpus by increased salinity level (Fig. 4.2, 
4.3). The present study also indicates variation exists 
between the species in their ability to recover from 
salinity pulses when freshwater conditions are restored.
The impact of increased salinity (averaged over influx 
rate and exposure'duration) on plant ability to recover was 
most evident in Eleocharis and Panicum (Figs. 4.2, 4.3).
For example, stem density in salinity treatments compared 
to controls was reduced by about 44% at 6 g/L and 63% at 12 
g/L in Eleocharis, and by about 17% (6 g/L) and 67% (12 
g/L) in Panicum. Sagittaria total biomass was decreased by 
increased salinity at exposure durations exceeding l month 
(Fig. 4.8a), and aboveground biomass of plants in the 12 
g/L treatment was about 59% that of the controls (Fig.
4.2). Aboveground biomass recovery in Sagittaria ramets
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exposed to less stressful conditions (i.e., 6 g/L) is 
suspect considering the fact that this species began to 
seneece 6 weeks into the experiment; it is not clear 
whether recovery would have occurred if the experiment had 
coincided with the active phase of growth. The resiliency 
of Sagittaria following short-term salinity exposure is 
consistent with the results of Grace and Ford (1995); they 
found that aboveground biomass in this species was not 
affected by 7 days of exposure to a salinity pulse of 15 
g/L followed by an 8 months recovery period. Although 
specific aspects of Scirpus growth were suppressed at 12 
g/L compared to 6 g/L, growth of plants at 12 g/L was not 
decreased compared to controls (Fig. 4.2). This apparent 
stimulation at moderate salinity is discussed in the 
following paragraph. The negative influence of rapid 
influx rate on recovery was minor compared to final 
salinity level, and was absent in Scirpus.
Significant interaction between main factors in the 
ANOVA model indicated that the effect of one factor varied 
depending on the value of the other factor. This 
interaction is likely due to the fact that increased 
duration reflects increased age in control plants (the 
duration variable for controls simply represents the time 
of transfer from one freshwater tank to another), while 
increased duration in the salinity treatments reflects 
extended stress exposure as well as age. Scirpus, which
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grew vigorously in the 6 g/L treatment (Fig. 4.2), is an 
exception to this generalization. Although no statistical 
test directly compared control to 6 g/L treatments, results 
indicate that Scirpus growth was in fact stimulated in the 
latter treatments compared to the former. Three variables- 
total biomass, belowground biomass, and the ratio of 
belowground to total-were increased in the 6 g/L treatment 
compared to the 12 g/L treatment. Because these variables 
did not differ significantly when the 12 g/L and control 
treatments were compared, and the control means were less 
than the 12 g/L means, it can be inferred that growth was 
also increased at 6 g/L compared to the control. Growth 
stimulation was not evident under short-term salinity 
pulses that did not include a recovery period (Fig. 3.5). 
Scirpus response therefore differs from that of the 
brackish marsh species Kosteletzkya virginica, which 
increased growth over 60 days in a hydroponic solution with 
a moderate salinity increase to 85 mol m'J NaCl (5 g/L)
(Blits and Gallagher 1990).
Some aspect of growth was suppressed by increased 
exposure duration (averaged over influx rate and salinity) 
in all species except Sagittaria (Fig. 4.5, 4.6). However, 
Sagittaria growth suppression with increased exposure 
duration was apparent (Fig. 4.8a, 4.9), primarily following 
exposure to 12 g/L for more than 1 month. In Scirpus, 
reduced growth with increased exposure duration (averaged
107
over salinity/influx treatment) does not reflect failure to 
recover, but rather an absence of the growth stimulation 
that occurred at less than 3 months exposure to moderate (6 
g/L) salinity. The reason for this species' relatively low 
biomass in the control-2 months exposure treatment (Fig. 
4.1) is unknown, but it may have been affected by small 
sample size (n~3). The failure of Scirpus in this 
treatment to match growth of other control plants is also 
apparent in stem height data (Fig. 4.9).
General growth trends in the various treatments can be 
identified from graphs of response over time. Panicum 
ramets subjected to stress conditions appeared to be 
capable of attaining total stem length similar to control 
ramets (i.e., recover) by the experiment's conclusion after 
1 month exposure to 6 g/L reached by both the fast and slow 
influx rates, and to 12 g/L reached with the slow influx 
rate (Fig. 4.9). At 2 months exposure, however, plants in 
the 12 g/L treatments were unable to recover, and at 3 
months exposure plants in both the 6 g/L and 12 g/L 
treatments failed to attain total stem height similar to 
the controls by harvest (Fig. 4.9). There were three pots 
in which plants produced new leaf tissue in recovery 
conditions after complete death of aboveground tissue at 12 
g/L. Sagittaria, which was second to Panicum in mortality 
rate due to experimental conditions, exhibited a different 
pattern in total stem height over time. Stressed
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Sagittaria ramets were able to attain height similar to the 
senescing controls even after 3 months exposure, with the 
exception of the most extreme treatment (treatment S) (Fig. 
4.9). In contrast to Panicum, there were no instances of 
Sagittaria regrowth after total aboveground tissue 
mortality. The constant production of new leaves that 
survived only a short period, which was characteristic of 
Sagittaria under stress conditions, may have depleted 
belowground carbohydrate and/or nutrient reserves. New 
leaves, however, were formed in recovery conditions by 
surviving Sagittaria plants if even very little 
photosynthetic tissue was present at the time of transfer. 
For example, one plant in treatment 4 had just 2 leaves 
totaling 7 cm remaining after 3 months exposure, but at 
harvest had 6 leaves totaling 170 cm.
Despite complete survival in Eleocharis, this species 
responded somewhat similarly to Panicum in total height 
when salinity stress was alleviated. After 2 months 
exposure plants in both the 6 g/L and 12 g/L treatments 
were unable to approach control plants in total height 
(Fig. 4.9); in comparison, Panicum 6 g/L treatment plants 
did recover after 2 months. Failure to recover after 3 
months exposure was apparent for both species, but some 
regrowth did occur in Eleocharis while Panicum appeared to 
simply maintain tissue present at time of transfer to 
freshwater conditions. Scirpus, the most tolerant of the
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species studied, was able to match (or exceed, in the case 
of 2 months exposure) control plant total height after 
conditions that suppressed growth (Fig. 4.9).
Several significant differences in relative growth 
rate change over time, as measured by stem elongation, 
were indicated. However, there were no discernible trends 
in relative growth rate after salinity treatments were 
placed in recovery for any of the species (Fig. 4.10). The 
measurements were taken over a 3-day period about 2 weeks 
after transfer, so the method would not detect a surge of 
growth if it occurred soon after transfer. Despite this 
limitation, a few cases of increased growth rate following 
transfer to freshwater were identified. Increased growth 
of suppressed plants was evident after 3 months exposure in 
all Eleocharis salinity treatments, in Panicum 6 g/L 
treatments, and in Sagittaria 12 g/L treatments.
Recovery ability may be related to the species' 
various growth strategies. Sagittaria has a very large 
rhizome that produces leaves rather than stems; this 
species reproduces by forming a new meristem area. As long 
as the rhizomes remain viable, a plant can rapidly produce 
new leaves when environmental conditions are improved. 
Panicum has vigorous rhizome production and often forms 
nearly monospecific stands, but the rhizomes are slender, 
and large, relatively few stems are produced. Apparently, 
growth in this species can continue for some time under
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stressful conditions, but eventually belowground reserves 
are depleted and high tissue mortality results. In 
comparison, Eleocharis produces many relatively short, thin 
stems and reproduces by vigorous extension of slender 
rhizomes. Scirpus produces one stem from each node on 
extensively branching, rather robust rhizomes; stems 
produced are much larger than those formed by Eleocharis. 
Implications for Community Dynamics
Species variation in the capacity for recovery after 
salinity pulses may alter marsh plant community 
composition, but such changes may be of only short 
duration. Chabreck and Palmisano (1973) found salinity 
values one year after passage of Hurricane Camille were 
similar to prehurricane conditions; vegetative cover, which 
had been reduced by the hurricane from a mean of 81.1% to 
56.6%, had recovered to 75.2%. Panicum hemitomon, which 
composed just 1.3% of the vegetation cover before the 
hurricane, was absent 3 weeks following the hurricane and 
remained absent 1 year later. Sagittaria falcata 
(synonymous with S. lancifolia; Kartesz 1994) cover 
increased slightly 3 weeks following the storm from 1.8% to 
4.5% and was 2.6% after 1 yr (Chabreck and Palmisano 1973). 
Cover of S. americanus was 1.0% of total vegetation both 
preceding and 3 weeks following the storm, and increased to 
4.2% after 1 yr; Eleocharis sp. cover was 0.7%, 5.3%, and 
4.6% for pre-hurricane, 3 weeks post-hurricane, and 1 year
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post-hurricane, respectively (Chabreck and Palmisano 1973). 
These results appear consistent with our finding that, 
while all four macrophyte species in our study are capable 
of recovering from salinity pulses of relatively low 
intensity and/or duration, Panicum would be the first 
species to be eliminated when stress conditions exceed a 
certain (undefined) level. Other species that Chabreck and 
Palmisano (1973) found absent 1 year post-hurricane were 
Eichhornia crassipes, Sagittaria graninae, and Scirpus 
robustus. Sphanoclea zeylanica was the only species that 
was not present pre-hurricane that became somewhat 
conspicuous (2.2% of total vegetative cover) one year 
following the storm. The changes in marsh species 
composition resulting from Camille, however, were not 
considered significant by Chabreck and Palmisano (1973).
In contrast, salinity elevation and flooding associated 
with a 1957 hurricane were implicated in a sawgrass 
(Cladium jamaicanse) dieoff in southwestern Louisiana in 
areas where this species previously had been common 
(Valentine 1977).
The plant responses found in this study are also 
consistent with the observations on recovery of the 
freshwater marsh plant J. lanceolate made by Llewellyn and 
Shaffer (1993). In their study, which was conducted over 
one month, recovery was apparent following less than 72 hr 
exposure to up to 15 g/L salinity when freshwater flushing
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occurred. Recovery of J. lanceolate after longer exposure, 
however, was not addressed in their study, and the reduced 
growth found after as few as 10 hr exposure when freshwater 
flushing was not applied renders the resilience of this 
species under more extreme stress scenarios suspect. Some 
field studies in fact have found residual salinity 
increases in freshwater and oligohaline marshes several 
weeks to months following passage of hurricanes (Alexander 
1967, Meeder 1987, Jackson et al. 1995). J. lanceolata has 
a similar distribution to P. hemltonon in that it is most 
abundant at the freshwater extreme in coastal wetlands.
Field studies in other wetland habitats provide 
additional evidence of the ability of plants in such 
systems to recover from salinity perturbations. Whigham et 
al. (1989) found two years of increased salinity in 
brackish marshes of Chesapeake Bay, Maryland, reduced 
biomass and density of Typha angustlfolia, but these 
effects were reversed within one year after return to 
normal salinity conditions. Coastal salt marsh plant 
species also respond to changes in hydrologic regimes that 
affect salinity; such changes, however, usually result in 
an alleviation of stress conditions. Zedler et al. (1986) 
found growth enhancement of Spartina foliosa following 
freshwater inflow into hypersaline marshes was reversed 
with the return of hypersaline conditions. It was 
suggested that both the duration and timing of the
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freshwater influence were critical in determining the 
nature of the growth response (i.e., height increase versus 
density increase) in this species (Zedler et al. 1986). 
Zedler (1983) found vegetation in three southern California 
salt marshes to be resilient to freshwater flooding, but 
she suggested that artificially prolonged flooding caused 
shifts in species composition that may persist for long 
periods. The rate at which salt marsh vegetation altered 
by freshwater flooding returned to pre-flood condition 
varied with the degree of change caused by the flooding 
(Zedler 1983). Our results suggest that the structure and 
composition of oligohaline marsh vegetation following 
pulses of increased salinity depends on the recovery 
ability of various species, which in turn depends on the 
intensity and duration of the stress.
Summary
The four macrophyte species studied were able to 
resume growth to some extent in freshwater conditions after 
exposure to increased salinity of 6 g/L, with the exception 
of a single Panlcum plant that died after 3 months 
exposure. At 12 g/L, there was a high mortality rate in 
Panlcum and a lower rate in Saglttarla. Growth responses 
were complex and varied between species, depending on the 
intensity (salinity level) and duration of the stress, and 
to a lesser degree on the abruptness of salinity increase 
(i.e., influx rate). Scirpus was the species least
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affected by stress conditions, and, when growth suppression 
occurred, was able to fully recover by the end of the 
4-month experiment. Ability to recover decreased with 
increased salinity and exposure duration in the remaining 
three species. Saglttaria ramets displayed a greater 
capacity for recovery than Eleocharis and Panlcum following 
short-term exposure to increased salinity. Saglttarla 
began senescing after 6 weeks, however, and it is unknown 
if recovery would have occurred if treatments had been 
applied during active growth. The experimental period did 
coincide with most of the active growth phase in Eleocharis 
and Panlcum, with peak growth attained in the former 
species during the final two weeks and in the latter during 
the final month. There is some indication that Panlcum has 
greater ability than Eleocharis to recover after exposure 
to 6 g/L, but that the opposite is true at 12 g/L. The 
complex patterns in species recovery imply that plant 
community structure and composition in an oligohaline marsh 
following a salinity pulse event will be affected by the 
intensity and duration of the pulse. More information is 
needed to ascertain if any changes in composition will 
persist or if the community will revert to a state closely 
resembling that preceding the pulse event.
CHAPTER 5
SALINITY PULSE EFFECTS ON OLIOOHALINE HARSH PLANT 
COMMUNITY STRUCTURE AND COMPOSITION
INTRODUCTION
The northern Gulf of Mexico coast in Louisiana 
includes large expanses of freshwater to oligohaline (<5 
g/L salinity) emergent marsh habitat. Reasons for high 
wetland loss in coastal Louisiana, recently estimated at 66 
km2/yr (Dunbar et al. 1992), have been the focus of 
numerous research studies over the past several years 
(e.g., Boesch et al. 1983, Baumann et al. 1984, Fuller et 
al. 1985, Mendelssohn and McKee 1988a, Turner and Rao 1990, 
Nyman et al. 1993, Cahoon 1994). These studies have 
identified a complex interaction of natural and human- 
induced disturbances and stressors affecting wetland 
deterioration, and, therefore, plant community integrity, 
including sediment deprivation, high rates of subsidence, 
hydrologic alterations (e.g., artificial levee and canal 
construction), sea-level rise, saltwater intrusion, 
increased flooding, herbivory, and storm effects. Further 
complications arise from the fact that the impacts of these 
factors may vary depending on the wetland plant community 
affected. Temporal variations in stressors such as
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salinity level, which are typical of some coastal areas, 
may also be important influences on plant community 
dynamics.
Although increased salinity can adversely affect the 
growth of freshwater marsh macrophytes, many plants exhibit 
some ability to recover following transient increases in 
salinity (Chabreck and Palmisano 1973, Llewellyn and 
Shaffer 1993, Grace and Ford 1995, Flynn et al. 1995). 
Temporary salinity changes may also influence plant 
zonation in coastal areas. Brewer and Grace (1990) studied 
community types in an oligohaline tidal marsh and 
hypothesized that occasional storm-generated pulses of salt 
water moving into the marsh generated short-lived salinity 
gradients that, along with biotic interactions, regulated 
species distribution.
McKee and Mendelssohn (1989) noted that response of a 
freshwater marsh to increased salinity may depend on 
several factors, such as plant species composition, rate 
and duration of the salinity increase, flooding depth, and 
a source of propagules of tolerant species. They suggested 
that the fate of a site stressed by elevated salinity and 
flooding may be determined by the tolerances of the 
existing dominant species. If these species can persist at 
a level sufficient to maintain the integrity of the marsh 
substrate, they should re-establish productive populations 
when initial conditions are restored. If the salinity and
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water regime are permanently altered and vegetation is 
destroyed, factors such as the degree of substrate 
subsidence and water depth become important in determining 
whether more tolerant species have an opportunity to 
establish on the site, or whether colonization is inhibited 
and the site degrades to open water (McKee and Mendelssohn
1989) .
Factors that affect recovery of freshwater and low- 
salinity marsh vegetation following complete elimination of 
aboveground biomass were studied by Flynn et al. (1995).
In their greenhouse experiment all aboveground vegetation 
was first killed by rapidly raising soil salinity to 15 
g/L, and post-dieback salinity and flooding conditions were 
manipulated over a 10-month recovery period. They found 
the effect of elevated salinity on recovery became more 
pronounced in flooded as opposed to drained soils (Flynn et 
al. 1995). Their experiment, however, did not address how 
variations in conditions associated with sub-lethal 
salinity stress affect plant recovery. The present study 
is unique in that it focuses on specific components of 
salinity pulse events and examines how these components 
influence subsequent recovery under freshwater conditions. 
The objective of this study was to determine the extent to 
which salinity influx rate, exposure duration, and water 
depth affect marsh vegetation structure and composition 
following salinity stress removal.
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MATERIALS AND METHODS
Plant Material
Two plant communities common to oligohaline (< 5 g/L) 
marshes of the northern Gulf of Mexico in Louisiana that 
were dominated by species used in the monoculture study 
were included in this experiment. The communities were 
selected to have one species, Sagittaria landfolia L., in 
common. Soil water salinity was measured at the collection 
sites, and three soil cores were collected for analyses of 
organic matter and texture. The first community, referred 
to hereafter as community 1, was dominated by Saglttarla 
lanclfolia with Eleocharis palustris (L.) Roemer & J.A. 
Schultes (synonymous with E. macrostachya; Kartesz, 1994), 
as a subdominant. The second community, referred to 
hereafter as community 2, was dominated by Scirpus 
americanus Pers. (synonymous with Scirpus olneyi Gray; 
Kartesz, 1994) with S. lancifolia as a subdominant. A 
total of 104 sods, 52 of each community, approximately 30 
cm in diameter x 30 cm deep was collected from marshes in 
the Barataria Basin of southeastern Louisiana in late March 
1991. Sods within a community type were selected for 
uniformity in species composition and stem density, and 
care was taken to minimize stem, root, and rhizome damage 
during collection. The sods (mesocosms), which contained 
the natural marsh substrate and the intact plant community, 
were placed in plastic buckets (30 cm x 30 cm) and
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transported to the greenhouse facility. There they were 
flooded with fresh tapwater to the substrate surface and 
allowed to acclimate to the greenhouse under natural light 
conditions for 3 weeks before treatments were initiated. 
After acclimation, the mesocosms were assessed for quality 
(e.g., physical damage to stems, evidence of disease, 
insufficient substrate) and four poor-quality examples of 
each community were discarded. A single drain hole was 
drilled 1 cm above the base in each bucket to facilitate 
water movement within the substrate. A total of 48 
mesocosms of each community was used in the experiment. 
Experimental Design
Three factors associated with salinity pulses in 
coastal habitats were manipulated: 1) salinity influx rate, 
defined in this study as the time required to reach final 
salinity, 2) duration of exposure to the salinity stress, 
and 3) water depth. A recovery period in fresh water 
followed exposure to the salinity pulse. Initial 
conditions for the experiment were 0 g/L salinity with 
water depth 1 cm above the substrate surface. Experimental 
conditions consisted of a final salinity of 12 g/L attained 
with an influx rate of 3 days, 3 weeks, or o (i.e., a 
control held at 0 g/L), exposure duration of 1 or 3 months, 
and flooding to 1 or 15 cm above the substrate surface 
(Fig. 5.1). Natural light conditions were maintained in 
the greenhouse throughout the experiment.
Og/L Og/L
B. Recovery: Depth = 1cm
A. Treatment: Depth = 1cm and 15 cm 
Og/L 12 g/L in 3 weeks 12 g/L in 3 days
Figure 5.1. Simplified diagram of experimental design showing one of the four 
blocks. Circles indicate fiberglass tanks used for salinity manipulation; split 
plot factors within influx rate (the main plot factor) were water depth and 
exposure duration. Tanks initially contained four mesocosms of each community.
Mesocosms of each community were randomly assigned to 
each influx/duration/depth combination. Treatments were 
applied in large fiberglass tanks (625-L) filled with fresh 
tap-water. The design was a split-plot with 4 blocks 
(zones of the greenhouse). Influx rate (3 days, 3 weeks, 
or 0) was the main plot factor and was assigned randomly to 
tanks within blocks. The split-plot consisted of a 2 x 2 
factorial, with 2 levels of both exposure duration and 
flooding depth. Four mesocosms of each community were 
placed into each of three influx-treatment tanks, two at a 
depth of l cm and two at 15 cm. Forty Fathoms Marine Mix 
(Marine Enterprise International, Inc., Baltimore,
Maryland) was used to raise tap-water salinity in two tanks 
of each block to 12 g/L at the two influx rates of 3 days 
and 3 weeks. Artificial sea salt was applied in 6 equal 
doses every 12 hours for the 3 day influx and in 10 equal 
doses every 2 days for the 3 week influx. The third tank 
was maintained at 0 g/L. A submersed pump was placed on 
the bottom of each tank to mix and circulate the water. 
After the designated exposure duration (1 or 3 months), two 
mesocosms of each community, one from each of the two water 
depths, were removed from the treatment tanks and placed in 
a recovery tank under initial conditions (i.e., 0 g/L, 1 cm 
flooding depth). A separate recovery tank was used for 
plants not exposed to 12 g/L (i.e., influx rate of 0) to 
avoid exposure to leached salts. Each experimental block
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therefore contained five tanks: three treatment tanks 
initially with 8 mesocosms each, and two recovery tanks 
(Fig. 5.1). The mesocosms remained in recovery tanks until 
termination of the experiment (10-12 September 1991), 4 
months after initiation.
Data Collection
Tank water salinity and depth were monitored daily and 
adjusted until conditions stabilized. Data were collected 
on mesocosm physical/chemical conditions and plant growth. 
Within each mesocosm, interstitial soil water was collected 
weekly at a depth of 15 cm for measurement of conductivity, 
salinity, and pH. Redox potential within the substrate was 
measured at 1 cm and 15 cm depths at 4-week intervals using 
a portable pH-mV meter with a brightened platinum electrode 
and calomel reference electrode; the platinum electrodes 
were allowed to stabilize for 30 minutes before 
measurement. To correct the readings to a standard 
hydrogen electrode, 244 mv was added to each reading 
(Faulkner et al. 1989). Interstitial soil water was 
collected at 4-week intervals from 15 cm below the sediment 
surface using a plastic syringe and tubing (McKee et al. 
1988). Because of time constraints, a subsample of water 
from just two of the four blocks was immediately stabilized 
after collection with an antioxidant buffer and analyzed 
within 24 hours for sulfide concentration using a ISM-146 
micro ion sensing electrode (Lazar Research Laboratories
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1986). Water samples from all four blocks were filtered 
through a 0.45 micron filter and frozen for later analysis 
of N-NH« (EPA 350.1, colorimetric automated phenate 
method).
Several measures of plant growth were obtained. Stem 
density for each species present was measured bimonthly, 
and total 5. lancifolia ramet number and leaf length were 
measured as well. Relative growth rate, as measured by 
stem elongation, was calculated at 4-week intervals for the 
two dominant species of each community (S. leuicifolia and 
E. palustris in community 1, S. lancifolia and S. 
americanus in community 2). To measure stem elongation, a 
relatively young stem (leaf for S. lancifolia) was selected 
and marked with small amount of non-toxic silicone sealant 
(General Electric RTV 162). Total stem/leaf height was 
measured at the time of marking and again 3-4 days later. 
Relative growth rate (RGR) was calculated as (after Hunt
1990):
RGR - (In Hj - In Ht)/(tj -t,) 
where H refers to total stem/leaf height, t to time in 
days, and the subscript to specific measurement times. 
Plants were harvested 4 months after initiation of the 
treatments. Total dry aboveground biomass was obtained for 
each plant species. Dry belowground biomass was determined 
for the entire mesocosm because separation of roots and 
rhizomes to species was not feasible. Young leaf tissue
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was collected from S. lancifolia plants from both 
communities, rinsed in deionized water, and dried to a 
constant weight. A portion of dried tissue was digested in 
a mixture of concentrated nitric and sulfuric acid, and 
total P was obtained through colorimetric analysis (EPA 
Method 365.3). Total C and N were measured in the dried 
tissue using a CHN analyzer (LECO model 600 elemental 
analyzer).
Statistical Analysis
All analyses were conducted using SAS software (SAS 
Institute, Inc. 1991). T-tests (Proc TTEST) were used to 
characterize the plant collection sites, to provide 
generalizations on mesocosm salinity and pH attributes, and 
to compare stem density and species richness (i.e., number 
of species) between communities. Analysis of variance 
(ANOVA), general linear model procedure (Proc GLM), was 
used for all other data analyses; both mesocosm soil 
chemical characteristics and plant community response to 
salinity pulses were analyzed. The independent variables 
in ANOVA were influx rate, duration of exposure, and water 
depth, and the communities were analyzed separately. 
Mesocosm dependent variables were salinity, pH, sulfide and 
ammonium concentrations, and redox potential. Community 
response variables were stem counts (two dominant species, 
total in mesocosm), S. lancifolia density of ramets and 
total leaf length, species richness, and biomass (two
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dominant: species, total live aboveground, and belowground). 
Correlations between response variables were tested; 
however, the low number of replicates (4) precluded use of 
multivariate techniques and univariate ANOVA was applied. 
Initial stem measurements (density of ramets, leaves, and 
total leaf height for S. lancifolia; stem number for £. 
palustrls, s .  americanus, and mesocosm) were used as 
covariates for their corresponding measure at harvest. 
Interactions between the covariate and main factors were 
tested, and analysis of covariance (ANCOVAR) continued in 
cases of non-significance only.
Significance level for all analyses was 0.05 unless 
otherwise noted. When 2- and 3-way interactions between 
main factors were significant, the 0.05 probability level 
was adjusted for the number of least-square means 
comparisons that were of interest. Despite significant 
higher-order interactions between main factors, the 
randomization restrictions imposed by the split-plot design 
allowed description of the whole plot effect (influx rate) 
and, when the two-factorial interaction within the whole 
plot effect was not significant, of those individual 
factors (duration and water depth). However, information 
contained in the highest-order significant interaction was 
of most interest, and results are reported within this 
framework. Treatment effects were fixed; the model used 
was, therefore, robust to the normality assumption
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(Montgomery 1991:97). Variance homogeneity was evaluated 
by examination of residual plots and variables were 
transformed when necessary (transformations are noted in 
tables).
RESULTS
Physica1/Chemica1 Characteristics
Collection sites. Interstitial soil water salinity at 
the time of plant collection was 0.1 g/L and 1.6 g/L at the 
community 1 and community 2 sites, respectively. Soils of 
the community 1 site had significantly higher organic 
matter content and significantly higher sand and clay 
mineral fractions than soils of the community 2 site; silt 
was significantly lower in community 1 (Table 5.1).
Table 5.1. Particle size distribution of mineral fraction 
and organic matter (%, mean ± 1 SE, n=3) at collection 
sites for two emergent macrophyte communities.
Variable Community 1 Community 2
Sand* 50.06 ± 5.65 26.67 ± 3.03
Silt* 4.43 ± 3.30 43.69 ± 6.29
Clay* 45.51 + 4.60 29.64 ± 3.29
OM* 69.26 + 4.32 40.51 ± 2.04
* Community means are significantly different.
MesocosmB. Following the acclimation period and prior 
to treatment initiation, interstitial soil water salinity 
was greater in community 2 (0.50 ±0.03 g/L; mean ± 1 SE) 
than in community 1 (0.04 ± 0.02 g/L; n*»48). At the
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experiment's termination, mean salinity in both communities 
had increased; community 2 salinity remained significantly 
higher than that in community 1 (2.30+0.34 compared to 
0.87 ± 0.09; n»48). Soil water salinity in the zero influx 
rate mesocosms remained less than 0.5 g/L and 1.0 g/L in 
community 1 and community 2, respectively, throughout the 
experiment. Salinity change over time in the 12 g/L 
treatments is illustrated in Fig. 5.2. Initial and final 
pH were not significantly different between communities.
Treatment effects on mesocosm chemical characteristics 
at the time of harvest (i.e., final measurements) are 
indicated in Table 5.2. Soil water pH was not affected in 
either community. Analyses involving other responses were 
often complex, with 2- and 3-way interactions between main 
factors.
The effect of influx rate to 12 g/L on final soil 
water salinity in community 1 depended on water depth 
(Table 5.2). Salinity was lower in the 3 day (fast) 
compared to 3 week (slow) influx rate, but only at 15 cm 
water depth (P~0.0015). Community 1 salinity was also 
lower in zero influx compared to the fast influx (P=0.000i 
[1 cm], P-0.0002 [15 cm]) and slow influx (P=0.00071 [1 
cm], P“0.0001 [15 cm]). Community 2 final salinity was 
also lower in the zero compared to the fast and slow influx 
rates, in the 3 month/15 cm treatment (P»0.0001 [fast], 
P-0.0015 [slow]). No difference between the fast and slow
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Figure 5.2. Mesocosm soil water salinity in two 
communities at 15 cm depth in the 3 week and 3 day influx 
treatments by exposure duration and water depth (mean + l 
SE, n=4).
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Table 5.2. Univariate 3-way analysis of variance results 
for the effect of salinity pulses on mesocosm chemical 
characteristics at time of harvest. Abbreviations are:
SAL ** soil water salinity at 15 cm (g/L), EH1 = redox 
potential at 1 cm (mV), EH15 - redox potential at 15 cm 
(mV), SUL * sulfide concentration (mg/L), NH4 = ammonium 
concentration (uM), Infl "• influx rate, Dep “ water depth, 
and Dur = duration of exposure. F test probabilities less 
than 0.05 are highlighted in bold text (n=4).
Significance probability of F test
source df SAL PH EH1 EH15 SUL1 NH42
COMMUNITY
Block
1
3 0.1857 0.4292 0.0076 0.0023 0.5275 0.0261
Infl 2 0.0001 0.1581 0.9049 0.9702 0.1145 0.0001
Rep*Infl 6 0.6926 1.0000 0.8241 0.6726 0.4275 0.9465
Dep 1 0.4848 0.1729 0.1393 0.3957 0.1598 0.1257
Dur 1 0.0004 0.0518 0.0001 0.0001 0.0012 0.0001
Dur*Dep 1 0.9378 0.8644 0.4162 0.2153 0.6868 0.1960
Infl*Dep 2 0.0035 0.1853 0.4714 0.8842 0.8877 0.0085
Infl*Dur 2 0.1034 0.2586 0.0034 0.0021 0.1084 0.0001
Infl*Dur 2 0.0510 0.8637 0.6893 0.7576 0.2769 0.5796
*Dep
Error
COMMUNITY
Rep
27
2
3 0.3874 0.4657 0.8886 0.0221 0.0721 0.3649
Infl 2 0.0078 0.0734 0.6280 0.6334 0.1276 0.0228
Rep*Infl 6 0.2102 0.8017 0.4048 0.2892 0.1956 0.1475
Dep 1 0.0814 0.6469 0.9045 0.4799 0.4997 0.1650
Dur 1 0.0007 0.0535 0.4363 0.3565 0.0017 0.0001
Dur*Dep 1 0.0264 0.1656 0.5176 0.0454 0.1745 0.0705
Infl*Dep 2 0.0532 0.9637 0.0973 0.0096 0.6692 0.4169
Infl*Dur 2 0.0579 0.8727 0.0248 0.0477 0.0083 0.0004
Infl*Dur 2 0.0327 0.2608 0.7465 0.1050 0.6829 0.2130
*Dep
Error 27
1 Values were log (X+l (Community 1]) and square root (X
[Community 2}) transformed.
2 Values were log (X+l) transformed.
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Influx was found In community 2 salinity. Increased 
exposure duration increased final salinity in community 1 
(P~0.0004); in community 2, however, this increase was 
found only in the fast influx rate at 15 cm (P»0.000l). 
Greater water depth also increased salinity, in the slow 
influx in community 1 (P-0.0021) and in the fast influx/3 
month combination in community 2 (P«0.0001).
The effect of exposure duration on final Eh in both 
communities varied with influx rate (Table 5.2). Community 
1 Eh was reduced by increased exposure duration in the fast 
and slow influxes at both l cm (P>0.0001 [fast influx], 
P-0.0019 [slow influx]) and 15 cm (P-0.0001 [fast influx]; 
P-0.0024 [slow influx]); exposure duration did not affect 
Eh at zero influx (Fig. 5.3). Community 2 Eh at 1 cm was 
not affected, but Eh at 15 cm was reduced in the fast 
compared to zero influx at 15 cm water depth (P=0.0050)
(Fig. 5.3).
Community 1 final sulfide concentration was 
significantly affected only by duration; averaged over 
influx and depth, sulfide was higher in the 3-month 
compared to 1-month exposure duration (2.17 + 0.34 ppm [1 
month], 13.08 ± 3.7 ppm [3 months]; mean ± 1 SE, n»12, 
P-0.0012). The effect of exposure duration on community 2 
sulfide concentration varied with influx rate. Sulfide in 
this community was greater in both the fast (P*0.000l) and
Eh 
(m
v) 
at 
15 
cm 
Eh 
(m
v) 
at 
1 
cm
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Figure 5.3. Mesocosm soil surface and 15 cm redox 
potential in two communities by duration and influx rate 
(mean + 1 SE, n=8).
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slow (P=0.0010) influxes compared to zero influx only after 
3 months exposure; there was no difference between the fast 
and slow influxes. Interstitial soil water sulfide peaked 
mid-experiment in all treatments (week 8 measurement was 
taken on July 10) and decreased thereafter (Fig. 5.4).
The effect of influx rate on interstitial soil water 
ammonium at harvest varied with exposure duration in both 
communities. Ammonium concentration was higher in the fast 
and slow influxes compared to zero influx at 3 months 
exposure only (community 1: P-0.0001 [fast], P-0.0001 
[slow]; Community 2: P-0.0001 [fast], P-0.0001 [slow])
(Fig. 5.5). Community 1 ammonium was increased by 
increased water depth, but only at the slow influx rate 
(P—0.0024) (Fig. 5.5). 
community Response
Biomass. All three main effects (influx rate, 
duration, and water depth) interacted to influence 
community l aboveground total and 5. lancifolia biomass 
(Table 5.3, Fig. 5.6). Community 1 aboveground biomass was 
lower at both the 3 week (slow) and 3 day (fast) influx 
rates compared to zero influx at 3 month exposure to 1 cm 
(P-0.0004 [fast], P—0.0020 [slow]) and 15 cm (P-0.0001 
[fast], P-0.0001 [slow]) water depths. There was no 
difference in community 1 aboveground biomass between the 
fast and slow influx rates. Influx rate effect on
133
Community 1 Community 2
250 
? 200
150
e  100
250
200
150
100
0 4 8 12 16
250
200
150
100
250
200
150
100
0 4 8 12 16
Week
O lao/la; □ lao/15c »? A
Week
3ao/lan; 7 3ao/15ca;
Figure 5.4. Mesocosm interstitial soil water sulfide 
concentration at 15 cm depth in two communities by duration 
and water depth for a) 0 influx, b) 3 week influx, and 
c) 3 day influx (mean + 1 SE, n=4).
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Figure 5.5. Mesocosm ammonium concentration in two commu­
nities by duration and influx rate, and in community 1 by 
water depth and influx rate (mean + 1 SE, n-8).
Table 5.3. Community 1 univariate 3-way analysis of variance results for the effect of 
salinity pulses on plant growth. Abbreviations are: SODBIO *= mesocosm total aboveground 
live biomass, SA6BI0 * 5. lancifolia aboveground live biomass, ELEOBIO = E. palustris 
aboveground live biomass, B6BIO = mesocosm total belowground biomass, SAGPLNT = density of 
S. lancifolia ramets, SAGSTEM « density of 5. lancifolia live leaves, SAGTLSL = total 
length of S. lancifolia live leaves, ELEOSM * number of E. palustris live stems, SODSTEM = 
total number of live stems in the mesocosm, RICH * species richness, Blk = block, Covar = 
covariate, Infl = influx rate, Dep = water depth, and Dur - duration of exposure. F test 
probabilities less than 0.05 are highlighted in bold text (n=4).
Significance probability of F test (P value)
Source df SODBIO1 SAGBIO1 ELEOBIO1 BGBIO SAGPLNT SAGSTEM1 SAGTLSL ELEOSM1 SODSTEM1 RICH2
Blk 3 0.2889 0.1270 0.5283 0.1973 0.1448 0.2963 0.8553 0.1424 0.6683 0.3334
Covar3 1 • • • • 0.0195 • • 0.0045 • 0.0001
Infl 2 0.0022 0.0191 0.0099 0.0598 0.0138 0.0038 0.0099 0.0016 0.0045 0.0569
Blk*lnfl 6 0.2602 0.0564 0.2769 0.3136 0.7621 0.5915 0.6654 0.8693 0.7231 0.0024
Dep 1 0.0001 0.0030 0.0032 0.7195 0.0037 0.0002 0.3218 0.0001 0.0001 0.0001
Dur 1 0.0001 0.0001 0.0001 0.1200 0.0021 0.0001 0.0001 0.0461 0.0004 0.0001
Dur*Dep 1 0.0922 0.0072 0.1374 0.5397 0.0001 0.0001 0.0042 0.1761 0.0030 0.0002
Infl*Dep 2 0.0842 0.0070 0.5722 0.1837 0.1125 0.0117 0.4882 0.3109 0.6467 0.5354
Infl*Dur 2 0.0001 0.0001 0.0075 0.6491 0.0338 0.0010 0.0011 0.0328 0.0578 0.0005
Infl*Dur 2 0.0442 0.0323 0.2275 0.4118 0.0881 0.0170 0.3911 0.2008 0.0786 0.1413
*Dep 
Error4 27 (26)
1 Analysis of square root (X) transformed data.
2 Analysis of log (X+l) transformed data.
3 covariate included in indicated analyses only.
4 Error df in parentheses for analysis of covariance.
136
Community 1
Influx: 3 weeks 3 days
Duration: 1 1 3  3
Depth: 1 15 1 15
1 1 3  3
1 15 1 15
Community 2
1 1 3  3
1 15 1 15
m 20
Duration: 1 1 3  3 
Depth: 1 15 1 15
1 1 3  3
1 15 1 15
1 1 3  3
1 15 1 15
Segittarii; 1 / S\ Eleocharli; L \  1 Scirpui; 1"' I Other
Figure 5.6. Aboveground biomass of two dominant species 
and total mesocosm aboveground biomass in two communities 
by influx rate, duration (months), and water depth (cm) 
(mean + 1 SE, n=4).
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community 2 aboveground biomass varied with exposure 
duration (Table 5.4); biomass was reduced in the slow 
influx compared to zero influx only at 3 months exposure 
(P=0.0018) (Fig. 5.6). Increased water depth reduced 
community 1 aboveground biomass as well, but only in the 
fast and slow influxes at 3 months duration (P=0.0001). 
Increased water depth averaged over influx rate and 
duration reduced community 2 aboveground biomass (55.20 + 
3.44 g [1 cm], 45.47 ± 4.58 g [15 cm]; mean ± 1 SE, n= 24, 
P~0.0460). In most treatment combinations, total mesocosm 
aboveground biomass in community 2 was nearly twice that in 
community 1 throughout the experiment (Fig. 5.6).
Sagittaria lancifolia aboveground biomass in community 
1 paralleled the response of total aboveground mesocosm 
biomass. Influx rate effect on community l E, palustris 
biomass was influenced by exposure duration (Table 5.3). 
ElBocharls palustris biomass was lower in both the fast 
(P-0.0001) and slow (P=0.0001) influxes compared to zero 
influx at 3 months duration, and in the fast compared to 
zero influx at 1 month duration (P“0.0017); no differences 
were found between the fast and slow influx rates.
Increased exposure duration led to lowered E. palustris 
biomass only in the slow influx compared to zero influx 
(P»0.0001); increased water depth averaged over influx rate 
and duration also reduced biomass in this species (2.32 + 
0.43 g [1 cm], 1.39 ± 0.27 g [15 cm]; mean + l SE, n=24,
Table 5.4. Community 2 univariate 3-way analysis of variance results for the effect of 
salinity pulses on plant growth. Abbreviations are: SODBIO * mesocosm total aboveground 
live biomass, SAGBIO - s . lancifolia aboveground live biomass, SCIRBIO ■ S. anerlcanus 
aboveground live biomass, BGBZO » mesocosm total belowground biomass, SAGPLNT = density of 
S. lancifolia ramets, SAGSTEM « density of S. lancifolia live leaves, SAGTLSL = total 
length of S. lancifolia live leaves, SCIRSTM * number of S. americanus live stems, SODSTEH 
* total number of live stems in the sod, RICH = species richness, Blk « block, Covar = 
covariate, Infl * influx rate, Dep * water depth, and Dur * duration of exposure. F test 
probabilities of less than 0.05 are highlighted in bold text (n*4).
Significance probability of F test (P value)
Source df SODBIO SAGBIO1 SCIRBIO2 BGBIO2 SAGPLNT SAGSTEM SAGTLSL SCIRSTM SODSTEM RICH
Blk 3 0.6987 0.8329 0.3337 0.4472 0.0181 0.1796 0.6555 0.5020 0.5660 0.0963
Covar* 1 • • • • 0.0011 0.0377 • • 0.0003 •
infl 2 0.4432 0.0069 0.6293 0.0849 0.1628 0.0966 0.0857 0.2392 0.1237 0.0946
Blk*Infl 6 0.0831 0.6326 0.0029 0.5900 0.0991 0.2081 0.1711 0.0031 0.5439 0.3674
Dep 1 0.0460 0.3034 0.1250 0.4645 0.0680 0.3114 0.9870 0.7155 0.0322 0.0008
Dur 1 0.0127 0.0001 0.9404 0.2726 0.0309 0.0033 0.0004 0.1180 0.5124 0.0350
Dur*Dep 1 0.3179 0.1301 0.7575 0.3730 0.0165 0.0020 0.0622 0.6339 0.2053 0.8259
Infl*Dep 2 0.2018 0.0921 0.2168 0.6007 0.0138 0.1914 0.2228 0.5743 0.2611 0.9176
Infl*Dur 2 0.0078 0.0762 0.0844 0.4874 0.0923 0.5982 0.6456 0.5715 0.0640 0.0476
Infl*Dur 2 0.5004 0.0721 0.4445 0.0907 0.0183 0.1273 0.4274 0.3287 0.4504 0.0770
*Dep 
Error* 27 (26)
1 Analysis of log (X+l) transformed data.
2 Analysis of square root (X) transformed data.
3 Covariate included in indicated analyses only.
* Error df in parentheses for analysis of covariance. m
oo
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P«0.0032). In community 2, s. lancifolia biomass was 
reduced in both the fast (P=0.0088) and slow (P=0.0031) 
influxes compared to zero influx; no difference was 
indicated between the fast and slow rates. Increased 
exposure duration averaged over influx and depth also 
decreased biomass of S. lancifolia in community 2 (13.96 ± 
1.34 g [1 mo], 7.57 ± 1.66 g [3 mo]; mean ± 1 SE, nK24, 
P-0.0001); water depth did not affect community 1 S. 
lancifolia biomass. Community 2 S. aaericanus biomass and 
belowground biomass in both communities were not affected 
by treatments (Table 5.3, 5.4).
The percent total aboveground biomass represented by 
the two dominant species was determined in each community 
(Fig. 5.7). Analyses for community 1 were similar to 
results obtained from direct aboveground biomass analyses. 
In community 2, however, percent S. aaericanus aboveground 
biomass was increased by increasing exposure duration 
(46.54 ± 4.19% [1 mo], 63.62 ± 5.15% [3 mo]; mean + 1 SE, 
n«24, P-0.0038).
Stem density and growth rate. Comparisons of the two 
communities prior to salinity pulse manipulations indicated 
that total stem density was greater in community 1 (58.48 + 
1.88) than community 2 (46.33 ± 2.04; mean ± 1 SE, n=48), 
as was S. lancifolia leaf density (22.12 ± 0.55 (community
1] and 8.63 ± 0.52 [community 2]). Final total stem 
density however, was lower in community 1 (33.48 ±2.80
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Figure 5.7. Aboveground biomass, expressed as percent of 
total, of two dominant species in two communities by influx 
rate, duration (months), and water depth (cm) (mean + 1 SE, 
n=4).
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[community 1] and 51.40 ±2.91 [community 2]). Community l 
final S. lancifolia density (13.75 ± 1.10) remained higher 
than that in community 2 (6.96+0.58). stem density for 
the two dominant species and total stem density over time 
at 15 cm in both the 1-month and 3-month exposure durations 
are illustrated in Fig. 5.8. A rapid initial reduction in 
total stem density in the fast and slow influxes is 
apparent in both communities.
Although influx rate as a main effect significantly 
affected community 1 final total stem density, there was no 
difference between the fast and slow rates. Density was 
lower in both the fast and slow influxes compared to zero 
influx (P-0.0023 [fast influx], P-0.0044 [slow influx]). 
Community 2 stem density was unaffected by influx rate. 
Exposure duration and water depth interacted to affect 
community 1 stem density; increased duration reduced 
density only at 15-cm water depth (P-0.0001). Community 2 
final total stem density was affected by water depth only, 
and was lower at 15 cm compared to 1 cm (56.75 ± 4.47 
stems/0.071 m2 [1 cm], 46.04 + 3.50 stems/0.071 m2 [15 cm]; 
mean + l SE, n«24, P-0.0322).
Pairwise comparisons indicated the three s .  lancifolia 
stem measurements (final ramet density, final leaf density, 
and final total live leaf length) were highly correlated in 
both communities (P-0.0001 for all possible comparisons),
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Figure 5.8. Stem density (number per 0.071 m2) of dominant 
species and total stem density in two communities at 15 cm 
water depth for a) 0 influx, b) 3 week influx, and 
c) 3 day influx (mean + 1 SE, n=4). Symbols are: circle= 
total, triangle ■ Saglttaria lancifolia, square =* 
Eleocharls palustris, and diamond = Scirpus americanus; 
open * 1 month duration, filled = 3 months duration.
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and only results of leaf density least-squares means 
comparisons are reported here. All three main 
effectsinteracted to influence community 1 S. lancifolia 
leaf density (Table 5.3); density was reduced in the fast 
and slow influxes compared to zero influx at 3 months 
duration/15 cm water depth (P-0.0001 [fast], P-0.0001 
[slow]). Influx rate had no effect on S. lancifolia leaf 
density in community 2 (Table 5.4). The effect of exposure 
duration on community 2 S. lancifolia leaf density varied 
with water depth; increased duration reduced leaf density 
in this species only at 15 cm (P-0.0001).
Eleocharis palustris stem density in community 1 was 
reduced in the fast and slow influxes compared to zero 
influx at 3 months duration (P-0.0014 [fast], P-0.0001 
[slow]), and by increased duration at the slow influx only 
(P—0.0048). Increased water depth reduced E. palustris 
stem density (19.08 + 3.25 stems/0.071 m2 [1 cm], 8.46 ± 
1.67 stems/0.071 m2 [15 cm]; mean ± l SE, n-24, P=0.0001).
In community 2, 5. American us stem density was not 
significantly affected by the treatments.
Relative growth rate of the two dominant species in 
each community was evaluated at all four measurement times 
(week 2, 6, 10, 15). In both communities, influx rate had 
a significant (P-0.0085 [community 1], P-0.0188 [community
2]) effect on S. lancifolia growth during week 2 of the 
experiment; growth rate was reduced in the fast influx rate
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compared to zero influx (P-0.0032 [community 1], P-0.0066 
[community 2]. increased duration also decreased S. 
lancifolia growth rate (P=0.0107) in community 2 at week 10 
of the experiment; no other significant effects were found 
for this species. Eleocharis palustris growth during week 
6 was slowed by increased exposure duration (P-0.0001). in 
S. aaericanus growth rate analyses, a significant 
interaction (P-0.0007) of influx rate and duration was 
found for week 6 data. The fast influx stimulated growth 
compared to zero influx at l month exposure (P-0.0005), 
while the slow influx suppressed growth compared to the 
zero influx at 3 months exposure (P-0.0033). Increased 
duration suppressed S. americanus growth at 6 weeks in both 
the fast and slow influxes (P-0.0014 [fast influx],
P-0.0001 [slow influx].
Species richness. Between-community comparison of 
species richness indicated lower initial number of plant 
species in community 1 (5.19+0.15 [community l], 5.94 ± 
0.22 [community 2]; mean + 1 SE, n-48). Species richness 
remained fairly stable over time in both communities, with 
the exception of the 12 g/L treatments with 3 months 
exposure duration and 15 cm water depth (Fig. 5.9). Final 
species richness remained lowest in community 1 (4.25 +
0.29 [community 1], 5.33 + 0.25 [community 2]; mean ± l SE, 
n-48).
Sp
ec
ies
 
R
ic
hn
es
s
Community 1
8
6
4
2
8
6
4
2
8
6
4
2
0
0 4 6 8 10 12 14 15
Week
o lao/lca; □ lmo/15ca;
145
Community 2
j i :__ ■ i i__ i___l.
b
 i ■ i i ■ i ' i
0 4 6 8 10 12 14 15 
W eek
3-0/lcm; V 3mo/15cm;
8
6
4
2
8
0
4
2
8
6
4
2
0
4
Figure 5.9. Species richness over time (mean + 1 SE, n=4) 
in two communities for a) 0 influx, b) 3 week influx, and 
c) 3 day influx.
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The effect of influx rate on final species richness 
(i.e., at time of harvest) varied with exposure duration in 
both communities (Table 5.3, 5.4). Community 1 richness 
was lower in the fast and slow influxes compared to 2ero 
influx at 3 months exposure (P-0.0001 [fast influx],
P—0.0001 [slow influx]); no differences were found between 
the fast and slow rates. Community 2 species richness was 
reduced only in the slow influx compared to zero influx, 
again at 3 months exposure (P-0.0001). Increased duration 
had the effect of reducing community 1 richness in fast and 
slow influxes (P-0.0001 [fast influx], P-0.0001 [slow 
influx] and at 15 cm water depth (P-0.0001), but had no 
effect at zero influx. Increased water depth averaged over 
influx rate and duration reduced community 2 species 
richness (6.04 ± 0.32 [1 cm], 4.62 ± 0.32 [15 cm]; mean ± 1 
SE, n-24, P-0.0008).
Considering the two dominant species of each 
community, only s. aaericanus survived all treatment 
combinations. Sagittaria lancifolia was eliminated from 
seven community 1 mesocosms and four community 2 mesocosms;i
E. palustris was eliminated from seven community 1 
mesocosms. In all cases, mortality occurred in the 12 g/L 
salinity treatments (both fast and slow influx rates) at 3 
months exposure duration and 15 cm water depth. A total of 
nineteen additional species were identified in the
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mesocosms (Table 5.5); five new species appeared during the 
course of the experiment.
Tissue nutrients. Tissue samples were collected from 
s. lancifolia only. Salinity pulses did not alter leaf 
tissue C. Insufficient tissue was available to estimate 
least squares means for N and P analyses involving the slow 
influx/3 months exposure/15 cm depth combination, so 
comparisons could not be made invoving this treatment 
combination. Influx effects on leaf N varied with duration 
in both communities (P-0.0001 [community l and 2]) (Fig.
5.10). Leaf M was greater in the fast influx compared zero 
influx at 3 months exposure (P-0.0001 [community 1 and 2]). 
Leaf N in both communities was higher in the 3-month 
compared to l-month exposure in the fast influx rate 
(P-0.0001 [community 1 and 2]). Influx effects on leaf P 
in community 1 varied with water depth (P-0.0025) (Fig.
5.10). Concentration was increased in the fast and slow 
influxes compared to zero influx at l cm water depth 
(P-0.0001 [fast], p-0.0001 [slow]); increased exposure 
duration also increased leaf P content at 1 cm depth 
(P-0.0055).
DISCUSSION 
Effects of Salinity Pulses
The components of salinity pulses manipulated in this 
experiment (i.e., salinity influx rate, exposure duration, 
and water depth) often interacted to influence sediment
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Table 5.5. Macrophyte species identified in mesocosms.
Species
Community 
1 2
Dominants:
Eleocheuris palustris (L.) Roemer t J.A Schultes1 X X
Sagittaria lancifolia L. X X
Scirpus aaericanus Pers. — X
Other:
Aeschynomene indica L. X -
Alternanthera phlloxeroides (Hart.) Griseb. X X
Aster subulatus Michx.2 X X
Bacopa sp.2 X X
Cyperus sp. X X
Galium tinctorium (L.) Scop. X X
Hydrocotyle umbellata L. X X
Iponoea sagittata Poir. - X
Kosteletzkya virginica (L.) K. Presl Gray - X
Leersia oryzoides (L.) Sw. X X
Panicum sp.2 X X
Phyla nodlflora (L.) Greene X X
Polygonum punctatum Ell. X X
Ptilimnlum sp. X X
Sacciolepis striata (L.) Nash X X
Sagittaria graminea Michx.2 X X
Solldago sempervirens L. X -
Vlgna luteola (Jacq.) Benth. X X
Poaceae2
1 «  ________^ __ ____ A. -1 _  . 1 1  ________ i .
X X
1 B. palustris was not present in all community 2 mesocosms
and was not considered a subdominant in this community. 
2 Species appeared after treatments were initiated.
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Figure 5.10. Sagittaria lancifolia percent tissue nitrogen 
(N) in two communities by duration and influx rate, and 
percent tissue phosphorus (P) in community 1 by water depth 
and influx rate (mean + I SE, n=8).
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chemical characteristics and plant community attributes 
following a freshwater recovery period. Salinity influx 
rate per se, however, had little effect on the abiotic 
orbiotic response variables. The majority of significant 
impacts due to influx was attributed to both the fast and 
slow influx rates compared to zero influx; with the single 
exception of community 1 salinity at 15 cm, no significant 
differences were found between the fast and slow rates.
Some responses differed only between either the fast or 
slow influx rate and zero influx, including the early 
reduction in S. lancifolia relative growth rate in the fast 
influx, but such differences were few. Essentially, 
therefore, significant influx rate effects were due simply 
to an increase in salinity from near 0 g/L to 12 g/L 
regardless of the abruptness of the increase.
The adverse effects of increased salinity on plant 
community structure and composition were usually associated 
with the 3-month exposure duration rather than 1-month. 
Exceptions were the reduction in community 1 total stem 
density and community 2 S. lancifolia biomass. Ability of 
the three dominant species to recover after short-term (l
month) salinity stress was also found in an experiment with
monocultures (Chapter 4). In addition, the resiliency of 
S. lancifolia following flooding and salinity stress has 
been noted by Flynn et al. (1995) and Grace and Ford
(1995). Averaged over all influx rates (12 g/L and 0 g/L
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salinity), increased exposure duration reduced community l 
total stem number and community 2 5. lancifolia biomass. 
These effects may be the result of the fact that s. 
lancifolia begins to senesce in the middle of the growing 
season in Louisiana (late July), as was noted in Chapter 3. 
Otherwise, negative effects of increased exposure duration 
were associated with 12 g/L salinity, not with 0 g/L.
Water depth often interacted with exposure duration, but 
increased water depth did independently influence some 
community attributes. Community 1 E. palustris biomass and 
stem density were reduced by increased water depth 
regardless of salinity or exposure duration, as were 
community 2 total biomass, total stem number, and species 
richness.
Mesocosm soil chemical characteristics indicated 
stressful conditions of varying intensity and duration 
existed in both communities in the 12 g/L salinity 
treatments. Soils of the community 1 mesocosms tracked 
tank water salinities more closely than those of community 
2 mesocosms (Fig. 5.2), probably due to the higher organic 
matter content of the former (i.e., lower soil bulk density 
facilitated water circulation). When salinity was raised, 
sulfide concentration was increased as well. Reduced 
sulfides, which act as phytotoxins in the soil 
(Ponnamperuma 1972), can accumulate under anoxic 
conditions. Redox potential in both communities in
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elevated salinity treatments reached -150 mv, the critical 
level below which sulfate becomes unstable at pH of 7 
(Patrick and Mahapatra 1968). Sulfide levels higher than 
150 and 200 mg/L were measured in community 1 and 2 soils, 
respectively (Fig. 5.4). Koch and Mendelssohn (1989) found 
that the addition of 1.0 mM (32 mg/L) sulfide significantly 
reduced total biomass in the saltmarsh species spartlna 
altemiflora Loisel. and in the freshwater marsh species 
Panlcum hemitomon J. A. Schultes; the latter species showed 
significant reductions in culm, root, and rhizome biomass 
while only root biomass was affected in the former. The 
authors suggested that several factors associated with 
increased sulfide concentration contributed to the 
reduction in plant biomass, such as decreased respiratory 
enzyme activity, reduction in ATP generation, and 
inhibition of nutrient uptake. Bradley and Morris (1990) 
concluded that sediment gradients of oxygen and sulfide 
altered NH4 uptake kinetics in S. alterniflora, and 
Bandyopadhyay et al. (1993) found that M content in 
Spartina patens (Ait.) Muhl. was reduced by increased 
salinity. McKee and Mendelssohn (1989), however, found no 
change in N or P concentration in tissue of the freshwater 
marsh species Panlcum hemitomon under increased salinity 
levels. In the present experiment, Sagittaria lancifolia 
leaf tissue total N in both communities and total P in 
community 1 were increased under treatment conditions that
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Increased salinity and sulfide concentrations. By the time 
of harvest, all mesocosms that were subjected to 12 g/L 
salinity had been growing in freshwater for 3 months (l 
month exposure duration) or l month (3 months exposure 
duration), and significant increases in tissue nutrients 
found in these mesocosms may be related to nutrient 
depletion in the mesocosms that experienced low-stress 
conditions. For example, final interstitial soil water 
ammonium concentration was lower in mesocosms that were 
maintained at 0 g/L throughout the experiment than in 
mesocosms exposed to 12 g/L for 3 months. The artificial 
sea salt used to elevate salinity may also be involved in 
nutrient variations; the salts served as a nutrient source 
that was unavailable to mesocosms held at a constant 0 g/L. 
Species and Community Comparisons
The response of S. lancifolia and S. amerlcanus to 
increased salinity in this study is consistent with that 
found in a study using monocultures; i.e., S. amaricanus 
tolerance exceeded that of S . palustris and s. lancifolia 
(Chapter 3). Limited information exists on salinity and 
flooding tolerance of the subdominant species present in 
the mesocosms. Altemanthara phlloxeroidas survived 36 
days of exposure to 23 g/L salinity, but biomass was 
reduced by 84% (Longstreth et al. 1984). McKee and 
Mendelssohn (1989) found Leersla oryzoides to be tolerant 
of a 10 cm increase in water depth and of 35 days exposure
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to salinity up to 9.4 g/L; they concluded that salinity 
tolerance of L, oryzoides exceeded that of S. lancifolia, 
Flynn et al. (1995) concluded that Aaschynomane sp., Ipomea 
sagittata, and Vigna luteola have relatively low salt 
tolerance compared to other species present in their 
freshwater marsh mesocosms. Sacciolepis striata, however, 
appeared to have comparatively high salinity tolerance 
since it occurred sporadically at 12 g/L (Flynn et al.
1994). Plant species composition in salinity zones of 
Louisiana coastal marshes was summarized by Gosselink 
(1984). In this summary, Hydzrocotyl unbellata, Phyla 
nodiflora, and Sacciolepis striata were listed as occurring 
only in freshwater marshes; Alternanthera philoxeroides was 
listed as present in both freshwater and intermediate 
marshes; and Ipomoea sagittata, Kosteletzkya virglnica, and 
Vigna luteola were noted to be present in freshwater, 
intermediate, and brackish marsh (Gosselink 1984). In the 
present study, most subdominant species appeared to occur 
randomly, and statistical analyses of their response was 
not practicable. It was noted, however, that A. 
philoxeroides and S. striata were present in community 1 
mesocosms in which S. lancifolia failed to recover (see 
below).
In this mesocosm study, interspecific competition may 
have also influenced plant community structure; the 
experiment, however, was not designed to quantify such
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effects. The Importance of interspecific competition has 
been noted by several researchers (e.g., Grace and Wetzel 
1981, Bertness and Ellison 1987, Keddy 1990, Bertness 1991, 
Arp et al. 1993, Struder-Ehrensberger et al. 1993), and 
competition also can interact with abiotic factors to 
structure plant communities (Brewer and Grace 1990,
Bertness et al. 1992, Pennings and Callaway 1992). Kenkel 
et al. (1991) suggested that monoculture experiments cannot 
predict species performance along a salinity gradient when 
other species are present; they found that species 
performed best at the point where the combined effects of 
interspecific competition and salinity caused the least 
suppression. Latham et al. (1994), in their examination of 
plant associations across a salinity gradient from 
freshwater to mesohaline, concluded that competition was of 
greater importance in low rather than high stress 
environments. Similarly, Rahman and Ungar (1994) found 
that the distribution of Bchinochloa crvs-galli (L.) Beauv. 
along a salinity gradient was limited by competition in the 
low-salinity portion of the gradient and by salinity stress 
in the high-salinity portion.
In the present study, there were indications that s. 
americanus functions as a stress tolerator (in the sense of 
Grime 1977); this species persisted in the 12 g/L salinity 
treatment with flooding to 15 cm above the substrate for a 
period of 3 months. No recruitment of other salinity-
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tolerant species occurred (probably due to absence in the 
seed bank), and the community moved toward a monospecific 
S. americanus stand. Sagittaria lancifolia in community 2, 
apparently the superior competitor in freshwater 
conditions, had not re-established in the high-stress 
mesocosms after 1 month in recovery. Whether S. lancifolia 
would have resumed growth and recovered in community 2 
under longer freshwater exposure is unknown; because this 
clonal species reproduces primarily vegetatively, its 
recovery may depend upon whether its rhizomes maintained a 
sufficient nutrient reserve. Flynn et al. (1995) did find 
some recovery of this species under low salinity (1-2 g/L), 
flooded (10 cm) conditions after 10 months, but their 
experiment, which maintained the initial stress episode for 
6 weeks (compared to 12 weeks in this experiment), did not 
include any species of known higher salinity tolerance. In 
the present experiment, S. lancifolia in community 1 also 
failed to recover over 1 month following high-stress 
conditions (3 months exposure/15 cm depth); essentially all 
community 1 aboveground biomass was destroyed and little 
growth occurred in recovery. The most common colonizing 
species (A. philoxeroides and S. striata) in these 
mesocosms had widely spreading growth forms and 
adventitious roots; because of crowded conditions in the 
treatment tanks, these species may actually have originated 
from propagules rooted in other mesocosms rather than
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recruitment from the seed bank. Recovery conditions 
maintained flooding 1 cm above the soil surface, and a 
drawdown would perhaps have facilitated seed germination in 
the denuded community 1 mesocosms.
Although no between-community statistical comparisons 
in response to salinity pulses were made, it is apparent 
that community 1 was affected to a greater extent than 
community 2 in the most extreme salinity treatment of 3 
months exposure to a 15-cm water depth. Initial 
differences existed between the communities; community 1 
had higher stem density and lower species richness. Final 
stem density, however, was lower in community 1 compared to 
community 2. This may be due in some part to the timing of 
measurement; community 1 was dominated by S. lancifolia, 
which had begun to senesce when the experiment was 
concluded in September. It also appears, however, that a 
stress response is involved in this reversal. Sagittaria 
lancifolia constituted about 50% of the total biomass in 
community 1, and as this species declined it was not 
typically replaced by secondary species and so total 
biomass declined as well (Fig. 5.6). In community 2, s. 
americanus biomass remained fairly constant compared to its 
corresponding value in 0 g/L, and S . lancifolia and 
secondary species biomass decreased (Fig. 5.6). Although 
S. americanus biomass and stem density were not 
significantly affected by the salinity pulses, the
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percentage of mesocosm aboveground biomass consisting of 5. 
americanus increased with increased exposure duration. 
Therefore, there was a tendency for S, americanus steins to 
replace S. lancifolia in the 12 g/L treatments (Fig. 5.7). 
In fact, of four community 2 mesocosms in which S, 
lancifolia was eliminated, one became a monospecific s.  
americanus stand and the remaining three contained at least 
90% S, americanus stems; Altemanthera philoxeroides was 
the single other species present.
Total stem density in the four community 2 mesocosms 
in which S. lancifolia was eliminated ranged from 11 to 48 
stems/0.071 m2. In contrast, total stem density in the 
seven community 1 mesocosms in which this species was 
eliminated ranged from 0 to 5 stems/0.071 m2 (complete 
aboveground tissue necrosis occurred in a single community 
1 mesocosm, in the 3 day influx/3 month exposure/15 cm 
depth treatment combination). Three of the six vegetated 
mesocosms were sparse, monospecific A. philoxeroides stands 
and the remainder contained scattered stems of Phyla 
nodiflora, Sagittaria graminea or Sacciolepis striata. 
Dramatic reduction in stem density can have consequences 
beyond direct reduction in plant community productivity. 
Grace (1987) noted that after a disturbance or stress that 
removes preexisting vegetation, such as occurred in 
community 1, colonization conditions (e.g., seedling 
density, temporal preemption, or spatial heterogeneity) can
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affect the competitive outcome between wetland plant 
species and, therefore, the resulting community structure. 
Reduced productivity has been implicated as a contributing 
factor to wetland habitat loss. Nyman et al. (1993) 
attributed inadequate vertical accretion in a Louisiana 
saline-brackish marsh area to inadequate organic matter 
accumulation, which in turn was linked to inadequate plant 
production resulting from flooding stress.
Conclusion
The rate of salinity increase (influx rate) from 0 to 
12 g/L did not affect plant community biomass production, 
structure, or composition following a recovery period in 
freshwater. The combination of 1 month exposure to 12 g/L 
salinity with 1- or 15-cm flooding depth, followed by 3 
months in freshwater with flooding depth of 1 cm, also had 
little effect on response in either community studied.
After 3 months of exposure to 12 g/L, however, adverse 
impacts of treatments were found in both communities. 
Structural changes in community 1 consisted of a decrease 
in total and dominant species aboveground biomass and stem 
density; species richness was decreased as well. Biomass 
and stem density of E . palustris in community 1 were also 
decreased by increased water depth alone, community 2 
structural changes consisted of reduced biomass and stem 
density in the mesocosm overall and in just one of the 
dominant species, S. lancifolia. Species richness in
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community 2 was also reduced. At 15 cm water depth in the 
3 months exposure duration, community 2 tended to change to 
a monospecific s .  americanus stand while maintaining total 
stem density; stem density in community 1, however, was 
severely reduced and the mesocosms contained only a few 
scattered plants.
These results are consistent with those of Flynn et 
al. (1995), who concluded that recovery of freshwater marsh 
vegetation was not the result of recruitment of brackish or 
salt marsh species. Rather, differential response of 
existing species, either in the seedbank or as rhizomes, to 
stress- and recovery-phase conditions determines community 
composition. Despite restoration of original low-salinity 
and flooding conditions following an event that raises the 
levels of both potential stressors, vegetation recovery 
and/or establishment of new species will depend on several 
factors. Negative effects on community integrity become 
more likely with extended exposure duration and increased 
water depth. In sites subjected to extended stress, if the 
existing vegetation includes species with a range of 
salinity tolerances, a lowered level of productivity will 
probably be maintained for some time and will be 
accompanied by a decline in species richness. If only 
species with low salinity tolerance are present, however, 
vegetation may be eliminated. In such situations, the 
marsh substrate can become vulnerable to subsidence or
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erosion if conditions are not favorable for recruitment 
from the seed bank or existing propagules.
Inherent to the design of this experiment, which was 
conducted over a 4-month period, were a 3-month freshwater 
recovery period before harvest for mesocosms in the 1-month 
exposure duration and a 1-month recovery period for those 
exposed to treatments for 3 months. Questions remain 
concerning how community structure and species composition 
may change over a longer time frame following transient 
salinity pulses (i.e., post-growing season effects).
CHAPTER 6
SUMMARY AMD COVCLU8IOHS
The three experiments described in this dissertation 
provide information on the role of increased salinity and 
water depth in constraining wetland plant growth. The 
first experiment (Chapter 2) indicated that sagittaria 
landfolia, a common perennial in coastal Louisiana 
freshwater and oligohaline marshes, adapted to the degree 
of stress imposed by a 15-cm increase in water depth with 
increased mean and maximum leaf height and no change in 
aboveground biomass. Additional factors excluded from this 
experiment, however, may also affect growth of this 
species. Other plant species were selectively removed from 
the experimental units, so interspecific competitive 
effects on growth of S. lancifolia under increased flooding 
were removed. The study design did not interfere with the 
normal, tidally influenced hydrologic regime of the study 
site; S. landfolia may respond differently in areas where 
water depth is permanently increased and where increased 
water levels coincide with increased surface water 
salinities.
Information derived from the field study, which 
examined the response of only the dominant plant species to 
increased water depth, has limited usefulness in predicting
162
163
overall wetland community response to changes in flooding 
regimes. The greenhouse studies included in this 
dissertation project were designed to answer questions 
concerning the following: 1) variation in species and 
community response to salinity and flooding stress, 2) the 
combined effects of these two stressors, and 3) ability of 
plants to recover when stress is removed. Plant growth was 
studied both in monocultures, which removed the influence 
of interspecific competition, and in natural community 
associations.
Individually potted specimens of Eleocharis 
palustris, Panlcum hemitomon, Sagittaria landfolia, and 
Sdrpus palustris were used in the first greenhouse 
experiment. Relative tolerance to salinity pulses was 
assessed by harvesting plants immediately following 
exposure to the stress (Chapter 3). All species responded 
to final salinity level to a greater extent than salinity 
influx rate, and the magnitude of growth suppression 
increased with increased exposure duration. Aboveground 
tissue mortality occurred only in the high (12 g/L) 
salinity treatments, and only in Panicum hemitomon and 
Sagittaria landfolia. Based on mortality and growth 
suppression, the relative tolerance of the species to 
experimental conditions of salinity pulses, in order from 
least to most tolerant, was Panicum hemitomon < Sagittaria 
landfolia < Eleocharis palustris < Sdrpus americanus.
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Recovery ability following salinity pulses, which was 
defined as ability of stressed plants to achieve growth 
similar to unstressed plants, was determined by 
transferring the monoculture plantings of the four species 
to freshwater conditions (Chapter 4). All species were 
able to resume growth to some extent after exposure to a 
moderate salinity increase to 6 g/L. Failure to resume 
growth, however, was evident for two species exposed to 
high (12 g/L) salinity; aboveground tissue mortality was 
highest in Panicum hemitomon and lower in Sagittaria 
landfolia. Growth responses were complex and varied 
between species, depending on the intensity (salinity 
level) and duration of the stress, and to a lesser degree 
on the abruptness of salinity increase. Sdrpus amerlcanus 
was the species least affected by stress conditions, and, 
when growth suppression occurred, was able to fully recover 
by the end of the experiment. For the remaining three 
species, ability to recover decreased with increased 
salinity and exposure duration. Sagittaria lanclfolia had 
greater ability to recover from short duration exposure to 
both moderate and high salinity levels than Eleocharis 
palustris or Panicum hemitomon. Performance of the latter 
two species indicated that relative ability to recover can 
vary with salinity level; Panicum hemitomon had greater 
capability than Eleocharis for recovery after exposure to 6 
g/L, while the opposite was true at 12 g/L. These complex
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patterns in species recovery imply that plant community 
structure and composition in an oligohaline marsh following 
a salinity pulse event will be affected by the intensity 
and duration of the pulse.
The final experiment (Chapter 5) used mesocosms 
containing natural marsh substrate and plant associations 
as the experimental units to focus on community response to 
salinity pulses. The rate of salinity increase from 0 to 
12 g/L did not affect plant community structure or 
composition following a recovery period in freshwater. The 
adverse effects of increased exposure duration at 12 g/L 
salinity were heightened by increased water depth in both 
communities. A shift in community structure and species 
composition under high-stress conditions was evident. The 
community containing a species of relatively high salt 
tolerance (Sdrpus amoricanus) tended toward a monospecific 
stand of the tolerant species. Stem density of the 
dominants in the community containing species of lower 
relative salinity tolerance was severely reduced or the 
species were totally eliminated, and the resulting 
vegetation consisted of sparse stems of one or two minor 
species.
In summary, these experiments indicate that 
differential response of existing plant species to stress 
conditions associated with salinity pulses will influence 
community structure and composition. Despite restoration
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of original low salinity and flooding conditions following 
an event that raises the levels of both potential 
stressors, vegetation recovery and/or establishment of new 
species will depend on several factors. Negative effects 
on community structure and reduced species richness become 
more likely with extended exposure duration and increased 
water depth. In sites subjected to extended stress, if the
existing vegetation includes species with a range of
salinity tolerances, a lowered level of productivity will
probably be maintained for some time period and will be
accompanied by a decline in species richness. If only 
species with low salinity tolerance are present, however, 
vegetation may be eliminated. In such situations, the 
marsh substrate can become vulnerable to subsidence or 
erosion if conditions are not favorable for recruitment 
from the seed bank.
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